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EDITORIAL 


Eroding trust and collaboration 


t wasn’t that long ago when scientific collaboration 
between the United States and China was enthu- 
siastically encouraged as a means to accomplish 
the best science. American universities established 
campuses in China, set up exchange programs for 
students and trainees, and hired highly produc- 
tive Chinese researchers. That all changed in 2018, 
when then-President Trump launched the China Initia- 
tive to rid US academia of Chinese spies. As reporter 
Jeffrey Mervis describes in this issue of Science, the Na- 
tional Institutes of Health (NIH)—the largest federal 
funder of biomedical research—vigorously responded 
to this charge. The agency’s allegations and investiga- 
tions have not only destroyed careers but also eroded 
trust in the agency and federal government across the 
scientific community. 

This is probably not how Mi- 
chael Lauer wants to be remem- 
bered. As the deputy director for 
extramural research at NIH, he 
probably hoped he’d be known 
for the many good things he’s 
helped facilitate, particularly the 
substantial increases in funding 
during his tenure. But history is 
not always kind. Lauer has been 
heavy-handed with regard to polic- 
ing foreign influence from China, 
allowing the agency to engage in 
secretive hardball to target re- 
searchers who receive NIH support and who are affiliated 
with Chinese collaborators. 

Of course, Congress and the NIH get to set the rules of 
engagement, but the rules changed abruptly and without 
warning, with no allowance for the fact that researchers 
had been doing what they were previously encouraged to 
do, and with absolutely no acknowledgment of the likely 
repercussions. Chinese-born researchers working in the 
United States had competed successfully for federal fund- 
ing for decades. So, it’s reasonable for them and their col- 
leagues to wonder why the rug has been pulled out from 
under them and to ask what has so suddenly changed. 
When pressed publicly for details, the NIH and the insti- 
tutions have given legalistic responses that provide little 
reassurance. 

It’s hard not to conclude that the answer to what 
changed is Donald Trump’s term as president along 
with the rise in power of conservative members of 
Congress bent on reviving the dark spirit of McCarthy- 


“The...allegations... 
have not only 


destroyed careers 
but also 
eroded trust...” 


ism, with China substituted for the Soviet Union. The 
result was threatening letters from Lauer and a com- 
plete change in tone from the institutions. As Mervis’s 
story shows, since 2018, 100 institutions have received 
letters concerning 246 faculty members, most of them 
Asian and most working with Chinese collaborators. 
Altogether, 103 have been forced out, and many more 
have been enjoined from receiving NIH funds, which 
is almost always a career killer. Because the letters con- 
tain language portraying these scientists as being “un- 
welcome in the NIH ecosystem,” very few institutions in 
the United States will hire them. 

Is it possible that all of the nefarious activities im- 
plied by these actions were real? Sure. As Lauer told 
Science, “The fact that more than 60% of these cases 
have resulted in an employment 
separation, or a university taking 
the step of excluding a scientist 
from [seeking an NIH grant] fora 
significant period of time, means 
that something really, really seri- 
ous has occurred.” But if true, did 
it suddenly begin in 2018 when 
Lauer started sending his letters? 
Doubtful. If it’s real now, it’s been 
real for a while. The NIH has not 
given adequate answers as to why 
this all started so abruptly. 

Given the statements that 
Lauer has made in his letters, it’s 
no wonder the institutions have clammed up. But they 
owe their faculty, students, trainees, and staff an expla- 
nation as well. As Mervis describes, everyone who has 
asked about the firing of the outstanding researcher Yue 
Xiong at the University of North Carolina at Chapel Hill 
(where I used to be the chancellor) has been ghosted by 
the administration. Has the national security apparatus 
demanded administrators’ silence? Or is it the need for 
institutions to maintain their good standing with NIH? 

The institutions and the NIH need to resolve this. 
Given the information available in the public domain, 
the scientific community could easily conclude that this 
is axenophobic program to harm Chinese scientists and 
cut off international scientific cooperation. The federal 
government needs to figure out a way to let the NIH 
and the institutions reassure the community that this 
is all worth it. 


-H. Holden Thorp 


H. Holden Thorp 
Editor-in-Chief, 
Science journals. 
hthorp@aaas.org: 
@hholdenthorp 
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PUBLIC HEALTH 


Next-gen bed nets © ~~ 


get go-ahead 


=A 


Reports of babesiosis, a severe tickborne 
disease, across 10 U.S. states in 2019— 
double the number in 2011, perhaps because 
ticks are thriving in a warming climate. 


a 


new type of malaria-fighting bed net received 
a major endorsement from the World Health 
Organization (WHO) last week. The net combines 
two chemicals to more effectively kill the mosqui- 
toes that transmit the parasite behind malaria, a 
disease that killed an estimated 619,000 people 
in 2022, most of them young children in sub-Saharan 
Africa. Insecticide-treated bed nets have helped 
drive malaria rates down dramatically. But in 


Insecticide-treated 


A>. 2 


That has contributed to the rebound of malaria in many 
places. The new nets are treated with pyrethroid and 
a second chemical called chlorfenapyr. It is a relatively 
new insecticide that targets the insects’ muscles, pre- 
venting them from moving. The new nets are more ex- 
pensive, but two large studies found the extra killing 
power seems to pay off, reducing the incidence of ma- 
laria in children by nearly half compared with 
pyrethroid-only nets. That prompted WHO on 


recent years, resistance to the insecticide used 
to treat nets, pyrethroid, has been spreading. 


Polio cases tied to new vaccine 


VACCINES | The Global Polio Eradication 
Initiative (GPEI) reported last week that 
seven African children, six in the Democratic 
Republic of the Congo and one in Burundi, 
were recently paralyzed by strains of poliovi- 
rus derived from a new version of the Albert 
Sabin© live oral polio vaccine. These are 
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bed nets area 
key tool in the fight 
against malaria. 


the first cases linked to the vaccine, novel 
oral polio vaccine type 2 (NOPV2), which has 
been genetically tweaked to avoid just this 
problem. Vaccine-derived strains can arise 
in places where vaccination rates are low 
and the weakened vaccine virus can keep 
spreading person to person and revert to 

its paralytic form. Since nOPV2 was rolled 
out 2 years ago, GPEI has administered 


14 March to strongly recommend their use in 
regions where pyrethroid resistance has spread. 


almost 600 million doses in response to 
outbreaks in 28 countries. Experts say 
these reversions, though disappointing, 
seem to be extremely rare, and the vaccine 
appears much more genetically stable than 
its predecessor. The new cases, they add, 
underscore the need to boost vaccine cov- 
erage in order to head off such reversions 
in the first place. 
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Planting trees for papers 


PUBLISHING | The Company of Biologists, 
a nonprofit publisher, has a new, green 
plan to acknowledge the contributions of 
authors and peer reviewers: Over 2 years 
starting from January, it will plant a tree 
for each peer review and each paper it 
publishes. The idea came from Steven 
Kelly, a plant biologist at the University of 
Oxford and editor-in-chief of Open Biology, 
one of the organization’s five journals. The 
publisher will use £80,000 of its endow- 
ment to plant a new forest intended for 
environmental education. Approximately 
3750 new trees will be planted on a former 
mining site outside Nottingham, England. 
The funds will also support restoration 

of 12 hectares at an ancient forest called 
Great Knott Wood. About 260 papers so far 
appear as trees in a virtual forest online. 
The publisher will begin to acknowledge 
trees planted for peer reviews next month. 


Biden OKs COVID-19 data release 


covip-19 | U.S. intelligence agencies must 
declassify information related to China’s 
Wuhan Institute of Virology (WIV) and the 
origin of the COVID-19 pandemic within 

90 days, according to a bill signed into law 
on 20 March by President Joe Biden. Both 
chambers of Congress passed the declassi- 
fication bill with strong bipartisan support. 
WIV has received intense scrutiny thanks 
to its long history of working with bat 
coronaviruses, including a distant cousin 

of SARS-CoV-2, the cause of the pandemic. 
Some suspect WIV accidentally released the 
virus, perhaps after engineering a strain 
from bats to be more infectious in humans. 
US. intelligence agencies have delivered 
conflicting assessments on that possibility, 
but released little of the data behind their 
conclusions. The law asks for details about 
WIV researchers who allegedly became sick 
with a respiratory illness in the fall of 2019, 
before a COVID-19 outbreak clearly surfaced 
in Wuhan in December. 


S. Korea, Japan reup science ties 


DIPLOMACY | In 2019, a long-running 
dispute over compensation claims for 
World War II-era forced labor ruptured 
ties between Japan and South Korea. Now, 
the two countries appear to be on the cusp 
of resuming cooperation on science and 
technology projects. In a sign of thawing 
relations, South Korean President Yoon 
Suk Yeol last week met Japanese Prime 
Minister Fumio Kishida for the two coun- 
tries’ first top-level summit in a decade. 
Just before the meeting, Park Yun-kyu, vice 
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The weedy sea dragon population 
has fallen by about half. 


CONSERVATION 


Australia’s coastal species decline 


ore than half of the marine species along Australia’s shallow coral and rocky 
reefs are suffering, in part because of warming oceans, according to a new 
study. Researchers analyzed more than a decade's worth of population data on 
more than 1000 species of fish, seaweeds, and invertebrates. Between 2008 
and 2021, 57% of the species declined, with almost one-third of them losing 
30% of their population, the team reports in Nature. That puts many species in the 
“threatened” category; 28 species declined so much they now fall into the “critically 
endangered” category. One example is an iconic native seahorse called the weedy sea 
dragon (Phyllopteryx taeniolatus, pictured), whose numbers fell by 59%. Species in 
temperate regions suffered more than those in tropical areas, particularly in years fol- 
lowing heat waves. In cool areas, warming temperatures also brought tropical invaders. 


minister of South Korea’s science ministry, 
announced Seoul is “considering expand- 
ing cooperation [with Japan in] artificial 
intelligence, 5G and 6G wireless networks, 
space satellites, and quantum technolo- 
gies.” Park said working-level talks will set 
the stage for a later ministerial meeting, 
though he did not set a schedule. 


Health hints in Beethoven’s hair 


GENETICS | Composer Ludwig van 
Beethoven had troubled health, including 
hearing loss, gastrointestinal problems, 
and liver disease. He asked that scientists 
study his body after he died in hopes of 
finding the causes of his illnesses. Now, 
researchers investigating his genome have 
made good on his request. They tracked 
down locks of the composer’s hair and 
analyzed its DNA. They failed to find any 
genetic cause for Beethoven’s hearing loss 
or gastrointestinal issues, but they learned 
his genes put him at a heightened risk of 
liver cirrhosis. Fragments of hepatitis B 


DNA also lurked in his hair, suggesting he 
had been infected with the virus late in life. 
That infection combined with Beethoven’s 
heavy drinking, researchers report in 
Current Biology, may explain his death due 
to liver disease. 


How ‘Oumuamua hit the gas 


ASTRONOMY | In 2017, the bizarre object 
called ‘Oumuamua whizzed into the Solar 
System, moving so fast it could only have 
hailed from interstellar space. When 

it whipped around the Sun, it sped up 
slightly. But it lacked the icy tail of a typi- 
cal comet, so that acceleration could not be 
explained by the release of gas from that 
water ice. This week in Nature, researchers 
put forth a model they say finally solves 
the mystery: As ‘Oumuamua journeyed 
through interstellar space, cosmic radia- 
tion converted much of its water ice into 
frozen molecular hydrogen. The Sun’s rays 
then released that gas, giving the comet an 
energetic boost that caused it to accelerate. 
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A Long Covid patient gets treatment at a U.K. clinic. The number of such patients is still rising, but the risk of contracting the syndrome seems to be declining. 


New Long Covid cases decline with Omicron 


Virus biology, widespread vaccination may be driving down risk of persistent symptoms 


By Jennifer Couzin-Frankel 


ver since the COVID-19 pandemic 
unfurled across the United Kingdom, 
hematologist John Willan has worried 
about the disease’s toll on his patients. 
In March 2020, Willan, who works at 
the University of Oxford and Wexham 
Park Hospital, began to track the hospital’s 
COVID-19 cases among people with leuke- 
mias, lymphomas, and other blood diseases. 
He counted not just the dozens of deaths, 
but also persistent and disabling symptoms 
collectively called Long Covid, which have 
plagued millions over the past 3 years. 

These days, Willan is less anxious. Af- 
ter Omicron began spreading in late 2021, 
COVID-19 deaths became a rarity even 
among his frail and immunocompromised 
patients, he says. And infections now carry 
a lower threat of lingering complications. 
“These patients with Omicron, they're much 
less likely to get Long Covid,’ says Willan, 
whose patients are overwhelmingly vac- 
cinated. Earlier this month, he reported in 
the British Journal of Haematology that 
his patients’ risk of Long Covid symptoms 
3 months after infection had dropped from 
46% with the original coronavirus strain and 
another called Alpha, to 35% with the Delta 
variant, to 14% with Omicron. 

“My patients were so terrified ... when 
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COVID came out,’ and rightfully so, Willan 
says. Although the number with protracted 
symptoms is still higher than he’d like, “I 
want to try and get a message to those people 
to say, ‘This is the actual risk to you now.” 

The trend appears in both vulnerable and 
healthy people. A group in the United King- 
dom, Spain, and Italy reported this month 
in The Lancet Oncology that the risk of Long 
Covid among cancer patients fell from about 
17% in 2021 to 6% more recently, as cases 
shifted to Omicron. Another just-published 
study of healthy Swiss hospital workers de- 
scribes a similar pattern. 

“The risk of Long Covid is not comparable 
between these variants,’ says Philipp Kohler, 
an infectious disease specialist at St. Gal- 
len Cantonal Hospital, who co-led the Swiss 
study. Vaccination, Omicron’s tendency to 
cause milder disease, and its distinct bio- 
logy may all play a role, though the degree to 
which different factors blunt risk is a mystery. 

Claire Steves, a geriatrician and epidemio- 
logist at King’s College London, was the first 
to rigorously compare Long Covid rates after 
Omicron versus after Delta, which struck 
in mid-2021. She drew on data from the 
U.K. COVID Symptom Study, in which tens 
of thousands type information into an app. 
Data from 97,000 vaccinated people revealed 
a 4.5% risk of symptoms persisting 4 weeks 
after an Omicron infection versus 10.8% fol- 


lowing a Delta infection, the group reported 
in The Lancet in June 2022. 

Since then, several studies have shown a 
decline in risk, although they disagree about 
the absolute numbers. The definition of Long 
Covid is still in flux, study designs differ, and 
the frequency with which Long Covid symp- 
toms such as brain fog and intense fatigue 
also strike uninfected people isn’t known, 
making it tougher to glean the prevalence of 
Long Covid today. 

In the Swiss study this month in Clinical 
Infectious Diseases, Kohler and his colleagues, 
including infectious disease specialists Carol 
Strahm and Christian Kahlert, both also at St. 
Gallen, tried to pin down Long Covid risks 
in a cohort of Swiss health care workers. The 
team sorted participants—mostly female and 
young or middle-aged—by the variant they 
were likely infected with, based on the tim- 
ing of their illness. Other volunteers, without 
a positive COVID-19 test and without anti- 
bodies to the virus, were assigned to a never- 
infected control group. 

A survey given in June 2022 asked about 
Long Covid symptoms. “We decided this 
is not a yes or no question,” Kohler says, so 
among nearly 3000 respondents, the team 
counted how many of 18 typical Long Covid 
symptoms—such as headache, cough, joint 
pain, and brain fog—they had. Because many 
people in the general population have at least 


science.org SCIENCE 


PHOTO: KIRSTY WIGGLESWORTH/AP 


NEWS 


some of those symptoms, the team compared 
their frequency across different groups, in- 
cluding controls. 

In the Omicron cohort, the average num- 
ber of chronic symptoms was 0.52—below the 
other variants, but a touch above the control 
group’s 0.39. Although this suggests Omicron 
infection carries a chance of Long Covid, it 
pales compared with the original strain: The 
health care workers infected early on were 
still averaging more than one ongoing symp- 
tom, despite having been hit far earlier. They 
also continued to report more missed days 
from work than those who caught Omicron. 

In some ways, these numbers aren’t sur- 
prising. During acute illness, Omicron is 
much less likely to land patients in the hos- 
pital due to severe disease, which researchers 
know is a major risk factor for Long Covid. 
But Steves says her data show lowered Long 
Covid risk “is not just about severity. Her 
group analyzed data on only nonhospitalized 
individuals and found the same gap. “I think 
it’s highly likely that [Omicron] is acting as a 
different virus,” she says. 

Steves’s study “suggests there may be an 
intrinsic property of Omicron that reduces 
the conversion to Long Covid,” says Akiko 
Iwasaki, an immunologist at Yale School of 
Medicine. Iwasaki and Steves speculate that 
how different viral variants infiltrate the 
body could be key. Earlier variants seem to 
spread to vital organs more often than Omi- 
cron does. Such spread might not always pro- 
duce symptoms in acute infection, Iwasaki 
theorizes, but it might make someone more 
likely to wind up with Long Covid. 

Though shifting variants are likely driving 
down Long Covid risk, vaccination is prob- 
ably playing a role, too, although untangling 
its potency can be tricky. In Kohler’s study, 
outcomes after Omicron didn’t appear af- 
fected by vaccination, but other studies see 
a link. 

Scientists also wonder how reinfections 
might fuel Long Covid cases. Kohler’s group 
has preliminary data suggesting that a per- 
son infected by the original COVID-19 strain 
and then by Omicron didn’t have a higher 
risk of Long Covid than those infected only 
by the original strains. Daniel Ayoubkhani, 
a principal statistician at the Office for Na- 
tional Statistics who analyzes Long Covid 
data, notes that the U.K. COVID-19 Infection 
Survey reported last month that 2.4% of par- 
ticipants described ongoing symptoms after a 
second infection versus 4% after a first; most 
of the infections were likely Omicron. 

Still, Iwasaki notes that even a small risk 
of Long Covid means a lot of affected people. 
Given how disabling the syndrome can be, she 
hasn’t stopped worrying about the public— 
and herself. “I definitely don’t want to get the 
virus,” she says. 
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New clues to pandemic’s origin 
surface, causing uproar 


Genetic sequences from Wuhan market may point to 
animal that spread SARS-CoV-2, but data remain hidden 


By Jon Cohen 


growing perception that the search 
for the origin of COVID-19 had hit a 
dead end was dramatically under- 
cut last week by raccoon dogs and a 
French evolutionary biologist. The fox 
relative, little known outside of Asia, 
was thrust into the spotlight when the sci- 
entist and her colleagues found previously 
undisclosed genetic sequences from the early 
days of the pandemic. The data placed rac- 
coon dogs and other animals susceptible to 
SARS-CoV-2 in stalls contaminated with the 
virus at the market in Wuhan, China, where 
many of the first COVID-19 cases surfaced. 

Whether those data bolster the idea that 
infected raccoon dogs or other animals 
brought the coronavirus to the 
market and sparked COVID-19 
has now become the latest 
flashpoint in the polarized de- 
bate over the pandemic’s origin. 
Those who believe SARS-CoV-2 
leaked from a virology lab in 
Wuhan have fiercely disputed 
any suggestion that the se- 
quences weaken their position. 
Acrimony has also flared over 
why the Chinese team that collected the se- 
quences from the market in 2020 did not 
release them earlier to the World Health Or- 
ganization (WHO) and other scientists. 

“These data could have—and should have— 
been shared 3 years ago,’ WHO Director- 
General Tedros Adhanom Ghebreyesus la- 
mented at a press conference on 17 March, 
the day after media reports revealed the dis- 
covery of the market sequences. Maria Van 
Kerkhove, an infectious disease specialist 
who oversees the contentious origin issue 
for WHO, told Science the withholding of the 
data is “inexcusable.” 

As Science went to press, the sequences 
had again been hidden from view in the 
virology database GISAID, apparently at the 
request of their Chinese submitters. “Because 
the data have been removed from GISAID, 
we cannot share them. But I wish that other 
scientists could explore these data, which are 
very rich,” says Florence Débarre of CNRS, 
the French national research agency, who 


“We know that 
there’s more 
information that 
is out there.” 


Maria Van Kerkhove, 
World Health Organization 


first noticed the genetic sequences a few 
weeks ago. “The more people work on these 
data, the more we can make them speak.” 

In areport released this week, Débarre and 
18 other researchers conclude that the data 
from the Huanan Seafood Wholesale Market 
“contribute to and underscore the large body 
of evidence supporting a natural origin of 
SARS-CoV-2.” The group analyzed genetic se- 
quences in 49 “environmental” samples that 
contained SARS-CoV-2’s RNA and found they 
also had mitochondrial DNA (mtDNA) of rac- 
coon dog, Amur hedgehog, Malayan porcu- 
pine, hoary bamboo rat, Himalayan marmot, 
masked palm civet, Siberian weasel, and hog 
badger. The team’s report, posted on the open 
repository Zenodo, singles out the raccoon 
dog because its mtDNA was more abundant 
than that of other species in the 
SARS-CoV-2-laden samples and 
because it is known to shed the 
virus at high quantities. But its 
authors acknowledge that the 
other species could have trans- 
mitted the virus, too. 

Van Kerkhove convened 
a virtual meeting last week 
of the WHO panel exploring 
COVID-19’s_ origin to discuss 
the findings with the report’s authors and 
the Chinese researchers. “We know that 
there’s more information that is out there,” 
Van Kerkhove says, adding that she suspects 
it might help trace how the virus arrived at 
the market. 

For Van Kerkhove, the uncovered se- 
quences clearly bolster the marketplace sce- 
nario for the origin of the pandemic but are 
not conclusive. “Looking at all available data 
... it’s much more likely that we have a zoo- 
notic origin,’ she says. “The challenge is we 
cannot take the other hypotheses off the table 
without having evidence to do so.” 

Several scientists who remain unconvinced 
of the zoonotic scenario discounted the sig- 
nificance of the sequences, noting that they 
do not prove the virus reached the market in 
animals. “It does not influence the likelihood 
of different hypotheses in my mind,” Akiko 
Iwasaki, an immunologist at Yale School of 
Medicine, told Science. But, she stressed, “Any 
and all relevant data from the market, and the 
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some of those symptoms, the team compared 
their frequency across different groups, in- 
cluding controls. 

In the Omicron cohort, the average num- 
ber of chronic symptoms was 0.52—below the 
other variants, but a touch above the control 
group’s 0.39. Although this suggests Omicron 
infection carries a chance of Long Covid, it 
pales compared with the original strain: The 
health care workers infected early on were 
still averaging more than one ongoing symp- 
tom, despite having been hit far earlier. They 
also continued to report more missed days 
from work than those who caught Omicron. 

In some ways, these numbers aren’t sur- 
prising. During acute illness, Omicron is 
much less likely to land patients in the hos- 
pital due to severe disease, which researchers 
know is a major risk factor for Long Covid. 
But Steves says her data show lowered Long 
Covid risk “is not just about severity. Her 
group analyzed data on only nonhospitalized 
individuals and found the same gap. “I think 
it’s highly likely that [Omicron] is acting as a 
different virus,” she says. 

Steves’s study “suggests there may be an 
intrinsic property of Omicron that reduces 
the conversion to Long Covid,” says Akiko 
Iwasaki, an immunologist at Yale School of 
Medicine. Iwasaki and Steves speculate that 
how different viral variants infiltrate the 
body could be key. Earlier variants seem to 
spread to vital organs more often than Omi- 
cron does. Such spread might not always pro- 
duce symptoms in acute infection, Iwasaki 
theorizes, but it might make someone more 
likely to wind up with Long Covid. 

Though shifting variants are likely driving 
down Long Covid risk, vaccination is prob- 
ably playing a role, too, although untangling 
its potency can be tricky. In Kohler’s study, 
outcomes after Omicron didn’t appear af- 
fected by vaccination, but other studies see 
a link. 

Scientists also wonder how reinfections 
might fuel Long Covid cases. Kohler’s group 
has preliminary data suggesting that a per- 
son infected by the original COVID-19 strain 
and then by Omicron didn’t have a higher 
risk of Long Covid than those infected only 
by the original strains. Daniel Ayoubkhani, 
a principal statistician at the Office for Na- 
tional Statistics who analyzes Long Covid 
data, notes that the U.K. COVID-19 Infection 
Survey reported last month that 2.4% of par- 
ticipants described ongoing symptoms after a 
second infection versus 4% after a first; most 
of the infections were likely Omicron. 

Still, Iwasaki notes that even a small risk 
of Long Covid means a lot of affected people. 
Given how disabling the syndrome can be, she 
hasn’t stopped worrying about the public— 
and herself. “I definitely don’t want to get the 
virus,” she says. 


SCIENCE science.org 


COVID-19 


New clues to pandemic’s origin 
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Genetic sequences from Wuhan market may point to 
animal that spread SARS-CoV-2, but data remain hidden 


By Jon Cohen 


growing perception that the search 
for the origin of COVID-19 had hit a 
dead end was dramatically under- 
cut last week by raccoon dogs and a 
French evolutionary biologist. The fox 
relative, little known outside of Asia, 
was thrust into the spotlight when the sci- 
entist and her colleagues found previously 
undisclosed genetic sequences from the early 
days of the pandemic. The data placed rac- 
coon dogs and other animals susceptible to 
SARS-CoV-2 in stalls contaminated with the 
virus at the market in Wuhan, China, where 
many of the first COVID-19 cases surfaced. 

Whether those data bolster the idea that 
infected raccoon dogs or other animals 
brought the coronavirus to the 
market and sparked COVID-19 
has now become the latest 
flashpoint in the polarized de- 
bate over the pandemic’s origin. 
Those who believe SARS-CoV-2 
leaked from a virology lab in 
Wuhan have fiercely disputed 
any suggestion that the se- 
quences weaken their position. 
Acrimony has also flared over 
why the Chinese team that collected the se- 
quences from the market in 2020 did not 
release them earlier to the World Health Or- 
ganization (WHO) and other scientists. 

“These data could have—and should have— 
been shared 3 years ago,’ WHO Director- 
General Tedros Adhanom Ghebreyesus la- 
mented at a press conference on 17 March, 
the day after media reports revealed the dis- 
covery of the market sequences. Maria Van 
Kerkhove, an infectious disease specialist 
who oversees the contentious origin issue 
for WHO, told Science the withholding of the 
data is “inexcusable.” 

As Science went to press, the sequences 
had again been hidden from view in the 
virology database GISAID, apparently at the 
request of their Chinese submitters. “Because 
the data have been removed from GISAID, 
we cannot share them. But I wish that other 
scientists could explore these data, which are 
very rich,” says Florence Débarre of CNRS, 
the French national research agency, who 


“We know that 
there’s more 
information that 
is out there.” 


Maria Van Kerkhove, 
World Health Organization 


first noticed the genetic sequences a few 
weeks ago. “The more people work on these 
data, the more we can make them speak.” 

In areport released this week, Débarre and 
18 other researchers conclude that the data 
from the Huanan Seafood Wholesale Market 
“contribute to and underscore the large body 
of evidence supporting a natural origin of 
SARS-CoV-2.” The group analyzed genetic se- 
quences in 49 “environmental” samples that 
contained SARS-CoV-2’s RNA and found they 
also had mitochondrial DNA (mtDNA) of rac- 
coon dog, Amur hedgehog, Malayan porcu- 
pine, hoary bamboo rat, Himalayan marmot, 
masked palm civet, Siberian weasel, and hog 
badger. The team’s report, posted on the open 
repository Zenodo, singles out the raccoon 
dog because its mtDNA was more abundant 
than that of other species in the 
SARS-CoV-2-laden samples and 
because it is known to shed the 
virus at high quantities. But its 
authors acknowledge that the 
other species could have trans- 
mitted the virus, too. 

Van Kerkhove convened 
a virtual meeting last week 
of the WHO panel exploring 
COVID-19’s_ origin to discuss 
the findings with the report’s authors and 
the Chinese researchers. “We know that 
there’s more information that is out there,” 
Van Kerkhove says, adding that she suspects 
it might help trace how the virus arrived at 
the market. 

For Van Kerkhove, the uncovered se- 
quences clearly bolster the marketplace sce- 
nario for the origin of the pandemic but are 
not conclusive. “Looking at all available data 
... it’s much more likely that we have a zoo- 
notic origin,’ she says. “The challenge is we 
cannot take the other hypotheses off the table 
without having evidence to do so.” 

Several scientists who remain unconvinced 
of the zoonotic scenario discounted the sig- 
nificance of the sequences, noting that they 
do not prove the virus reached the market in 
animals. “It does not influence the likelihood 
of different hypotheses in my mind,” Akiko 
Iwasaki, an immunologist at Yale School of 
Medicine, told Science. But, she stressed, “Any 
and all relevant data from the market, and the 
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surrounding areas—including the virology 
laboratories—should be made public.” 

The sequence data took an odd journey 
to the spotlight. In early 2020, when the 
Wuhan market was closed after a cluster 
of COVID-19 cases arose there, a research 
group led by George Gao, then-head of Chi- 
na’s Center for Disease Control and Preven- 
tion, took 923 samples from “containers,” 
drains, and surfaces at specific stalls. In 
February 2022, the team posted a preprint 
reporting the presence of SARS-CoV-2 in 
73 of the samples and human genetic mate- 
rial in some of those—leading the research- 
ers to conclude that infected people brought 
the virus to the market, where it spread 
widely. But they didn’t disclose what, if any, 
other animal sequences the market samples 
harbored, as some outside researchers high- 
lighted to Science at the time. 


Four months after its preprint, Gao’s team 
deposited some of those missing sequence 
data in GISAID. The information was made 
accessible to other users of the database 
only in January—perhaps to allow review- 
ers of the group’s paper to examine it. On 
4 March, Débarre stumbled on some of the 
genetic sequences in GISAID. But it wasn’t 
until 5 days later that she realized how much 
data existed and began to collaborate with 
various evolutionary biologists who have 
become persuaded that SARS-CoV-2 spread 
from animals at the market to humans. 

That group reached out to a member of 
Gao’s team, who told them “that we could 
conduct an independent analysis,’ accord- 
ing to the Zenodo report, The next day, they 
found evidence of animals in the samples 
and notified the same researcher. By the fol- 
lowing day, 11 March, the data became invis- 
ible on GISAID. In their report, Débarre and 
her co-authors sharply criticize GISAID for 
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Samples from a Wuhan market show susceptible animals were present at locations contaminated with SARS-CoV-2. 


having “deviated from its stated mission” of 
speeding the sharing of virological data. For 
its part, GISAID has said the researchers vio- 
lated access agreements and has cut them off 
from the database. 

Contacted by Science last week, Gao said 
the sequences are “[n]othing new. It had been 
known there was illegal animal dealing and 
this is why the market was immediately shut 
down.” He would not explain the sequence of 
events that led GISAID last week to make the 
data invisible. 

In the Zenodo report, Débarre and col- 
leagues state their analysis is “not intended 
for publication in a journal” or meant to 
scoop the Gao team’s own paper, which is 
under review by the Nature family of jour- 
nals. “As scientists, we can work together on 
this,” says Kristian Andersen, an evolutionary 
biologist at Scripps Research who is one of 


= 


the report’s co-authors. Still, the report states 
the group went public with its analysis be- 
cause the scientists feel an “unreasonable” 
amount of time has passed without the se- 
quences becoming available. 

To some fervent lab-leak proponents, the 
new report’s authors are hopelessly biased. 
Several contributed to two 2022 Science pa- 
pers that analyzed other evidence from Wu- 
han and concluded the pandemic probably 
emerged from infected animals at the mar- 
ket. But even if the new findings do not shift 
the battle lines, many agree on the need for 
China to disclose all pertinent data. David 
Relman, a Stanford University microbio- 
logist who has argued that the lab-leak 
scenario deserves more attention, calls the 
market animal sequences, if verified, “help- 
ful.’ But, he adds, “I think there are likely to 
be lots of relevant data and other informa- 
tion that have not yet seen the light of day— 
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of relevance to both major hypotheses. 


PARTICLE PHYSICS 


A call for 
change at 
storied 
physics lab 


Energy department 
opens new competition to 
run struggling Fermilab 


By Adrian Cho 


n an unusual move, the U.S. Depart- 

ment of Energy (DOE) has quietly be- 

gun a new competition for the contract 

to run the United States’s sole dedicated 

particle physics laboratory. Announced 

in January, the rebid comes 1 year af- 
ter Fermi National Accelerator Labora- 
tory (Fermilab), which is managed in part 
by the University of Chicago (UChicago), 
failed an annual DOE performance re- 
view and 9 months after it named a new 
director. DOE would not comment, but 
observers say its frustrations include cost 
increases and delays in a gargantuan new 
neutrino experiment. 

“T don’t think it’s surprising at all given 
the department’s evaluation of [Fermilab’s] 
performance,” says James Decker, a physi- 
cist and consultant with Decker, Garman, 
Sullivan & Associates, LLC, who served as 
principal deputy director of DOE’s Office of 
Science from 1973 to 2007. Although Fermi- 
lab passed its 2022 performance evaluation, 
the one for fiscal year 2021 was “one of the 
most scathing I have seen,” Decker says. 

DOE hires other parties to run its 17 na- 
tional labs on 5-year contracts that can be 
renewed annually for another 15 years or 
more. Only rarely does DOE seek a new con- 
tractor because of performance problems. 
Since 2007, UChicago has run Fermilab 
with the Universities Research Association 
(URA), a consortium of research universi- 
ties, in a partnership called the Fermi Re- 
search Alliance (FRA). The university also 
runs Argonne National Laboratory. 

DOE has already solicited letters of inter- 
est and will issue a request for formal pro- 
posals this summer. It intends to award the 
new contract by the end of the next fiscal 
year, 30 September 2024, and transfer con- 
trol of the lab, which employs 2100 staff and 
has an annual budget of $614 million, on 
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some of those symptoms, the team compared 
their frequency across different groups, in- 
cluding controls. 

In the Omicron cohort, the average num- 
ber of chronic symptoms was 0.52—below the 
other variants, but a touch above the control 
group’s 0.39. Although this suggests Omicron 
infection carries a chance of Long Covid, it 
pales compared with the original strain: The 
health care workers infected early on were 
still averaging more than one ongoing symp- 
tom, despite having been hit far earlier. They 
also continued to report more missed days 
from work than those who caught Omicron. 

In some ways, these numbers aren’t sur- 
prising. During acute illness, Omicron is 
much less likely to land patients in the hos- 
pital due to severe disease, which researchers 
know is a major risk factor for Long Covid. 
But Steves says her data show lowered Long 
Covid risk “is not just about severity. Her 
group analyzed data on only nonhospitalized 
individuals and found the same gap. “I think 
it’s highly likely that [Omicron] is acting as a 
different virus,” she says. 

Steves’s study “suggests there may be an 
intrinsic property of Omicron that reduces 
the conversion to Long Covid,” says Akiko 
Iwasaki, an immunologist at Yale School of 
Medicine. Iwasaki and Steves speculate that 
how different viral variants infiltrate the 
body could be key. Earlier variants seem to 
spread to vital organs more often than Omi- 
cron does. Such spread might not always pro- 
duce symptoms in acute infection, Iwasaki 
theorizes, but it might make someone more 
likely to wind up with Long Covid. 

Though shifting variants are likely driving 
down Long Covid risk, vaccination is prob- 
ably playing a role, too, although untangling 
its potency can be tricky. In Kohler’s study, 
outcomes after Omicron didn’t appear af- 
fected by vaccination, but other studies see 
a link. 

Scientists also wonder how reinfections 
might fuel Long Covid cases. Kohler’s group 
has preliminary data suggesting that a per- 
son infected by the original COVID-19 strain 
and then by Omicron didn’t have a higher 
risk of Long Covid than those infected only 
by the original strains. Daniel Ayoubkhani, 
a principal statistician at the Office for Na- 
tional Statistics who analyzes Long Covid 
data, notes that the U.K. COVID-19 Infection 
Survey reported last month that 2.4% of par- 
ticipants described ongoing symptoms after a 
second infection versus 4% after a first; most 
of the infections were likely Omicron. 

Still, Iwasaki notes that even a small risk 
of Long Covid means a lot of affected people. 
Given how disabling the syndrome can be, she 
hasn’t stopped worrying about the public— 
and herself. “I definitely don’t want to get the 
virus,” she says. 


SCIENCE science.org 


COVID-19 


New clues to pandemic’s origin 
surface, causing uproar 


Genetic sequences from Wuhan market may point to 
animal that spread SARS-CoV-2, but data remain hidden 


By Jon Cohen 


growing perception that the search 
for the origin of COVID-19 had hit a 
dead end was dramatically under- 
cut last week by raccoon dogs and a 
French evolutionary biologist. The fox 
relative, little known outside of Asia, 
was thrust into the spotlight when the sci- 
entist and her colleagues found previously 
undisclosed genetic sequences from the early 
days of the pandemic. The data placed rac- 
coon dogs and other animals susceptible to 
SARS-CoV-2 in stalls contaminated with the 
virus at the market in Wuhan, China, where 
many of the first COVID-19 cases surfaced. 

Whether those data bolster the idea that 
infected raccoon dogs or other animals 
brought the coronavirus to the 
market and sparked COVID-19 
has now become the latest 
flashpoint in the polarized de- 
bate over the pandemic’s origin. 
Those who believe SARS-CoV-2 
leaked from a virology lab in 
Wuhan have fiercely disputed 
any suggestion that the se- 
quences weaken their position. 
Acrimony has also flared over 
why the Chinese team that collected the se- 
quences from the market in 2020 did not 
release them earlier to the World Health Or- 
ganization (WHO) and other scientists. 

“These data could have—and should have— 
been shared 3 years ago,’ WHO Director- 
General Tedros Adhanom Ghebreyesus la- 
mented at a press conference on 17 March, 
the day after media reports revealed the dis- 
covery of the market sequences. Maria Van 
Kerkhove, an infectious disease specialist 
who oversees the contentious origin issue 
for WHO, told Science the withholding of the 
data is “inexcusable.” 

As Science went to press, the sequences 
had again been hidden from view in the 
virology database GISAID, apparently at the 
request of their Chinese submitters. “Because 
the data have been removed from GISAID, 
we cannot share them. But I wish that other 
scientists could explore these data, which are 
very rich,” says Florence Débarre of CNRS, 
the French national research agency, who 


“We know that 
there’s more 
information that 
is out there.” 


Maria Van Kerkhove, 
World Health Organization 


first noticed the genetic sequences a few 
weeks ago. “The more people work on these 
data, the more we can make them speak.” 

In areport released this week, Débarre and 
18 other researchers conclude that the data 
from the Huanan Seafood Wholesale Market 
“contribute to and underscore the large body 
of evidence supporting a natural origin of 
SARS-CoV-2.” The group analyzed genetic se- 
quences in 49 “environmental” samples that 
contained SARS-CoV-2’s RNA and found they 
also had mitochondrial DNA (mtDNA) of rac- 
coon dog, Amur hedgehog, Malayan porcu- 
pine, hoary bamboo rat, Himalayan marmot, 
masked palm civet, Siberian weasel, and hog 
badger. The team’s report, posted on the open 
repository Zenodo, singles out the raccoon 
dog because its mtDNA was more abundant 
than that of other species in the 
SARS-CoV-2-laden samples and 
because it is known to shed the 
virus at high quantities. But its 
authors acknowledge that the 
other species could have trans- 
mitted the virus, too. 

Van Kerkhove convened 
a virtual meeting last week 
of the WHO panel exploring 
COVID-19’s_ origin to discuss 
the findings with the report’s authors and 
the Chinese researchers. “We know that 
there’s more information that is out there,” 
Van Kerkhove says, adding that she suspects 
it might help trace how the virus arrived at 
the market. 

For Van Kerkhove, the uncovered se- 
quences clearly bolster the marketplace sce- 
nario for the origin of the pandemic but are 
not conclusive. “Looking at all available data 
... it’s much more likely that we have a zoo- 
notic origin,’ she says. “The challenge is we 
cannot take the other hypotheses off the table 
without having evidence to do so.” 

Several scientists who remain unconvinced 
of the zoonotic scenario discounted the sig- 
nificance of the sequences, noting that they 
do not prove the virus reached the market in 
animals. “It does not influence the likelihood 
of different hypotheses in my mind,” Akiko 
Iwasaki, an immunologist at Yale School of 
Medicine, told Science. But, she stressed, “Any 
and all relevant data from the market, and the 
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surrounding areas—including the virology 
laboratories—should be made public.” 

The sequence data took an odd journey 
to the spotlight. In early 2020, when the 
Wuhan market was closed after a cluster 
of COVID-19 cases arose there, a research 
group led by George Gao, then-head of Chi- 
na’s Center for Disease Control and Preven- 
tion, took 923 samples from “containers,” 
drains, and surfaces at specific stalls. In 
February 2022, the team posted a preprint 
reporting the presence of SARS-CoV-2 in 
73 of the samples and human genetic mate- 
rial in some of those—leading the research- 
ers to conclude that infected people brought 
the virus to the market, where it spread 
widely. But they didn’t disclose what, if any, 
other animal sequences the market samples 
harbored, as some outside researchers high- 
lighted to Science at the time. 


Four months after its preprint, Gao’s team 
deposited some of those missing sequence 
data in GISAID. The information was made 
accessible to other users of the database 
only in January—perhaps to allow review- 
ers of the group’s paper to examine it. On 
4 March, Débarre stumbled on some of the 
genetic sequences in GISAID. But it wasn’t 
until 5 days later that she realized how much 
data existed and began to collaborate with 
various evolutionary biologists who have 
become persuaded that SARS-CoV-2 spread 
from animals at the market to humans. 

That group reached out to a member of 
Gao’s team, who told them “that we could 
conduct an independent analysis,’ accord- 
ing to the Zenodo report, The next day, they 
found evidence of animals in the samples 
and notified the same researcher. By the fol- 
lowing day, 11 March, the data became invis- 
ible on GISAID. In their report, Débarre and 
her co-authors sharply criticize GISAID for 
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having “deviated from its stated mission” of 
speeding the sharing of virological data. For 
its part, GISAID has said the researchers vio- 
lated access agreements and has cut them off 
from the database. 

Contacted by Science last week, Gao said 
the sequences are “[n]othing new. It had been 
known there was illegal animal dealing and 
this is why the market was immediately shut 
down.” He would not explain the sequence of 
events that led GISAID last week to make the 
data invisible. 

In the Zenodo report, Débarre and col- 
leagues state their analysis is “not intended 
for publication in a journal” or meant to 
scoop the Gao team’s own paper, which is 
under review by the Nature family of jour- 
nals. “As scientists, we can work together on 
this,” says Kristian Andersen, an evolutionary 
biologist at Scripps Research who is one of 


= 


the report’s co-authors. Still, the report states 
the group went public with its analysis be- 
cause the scientists feel an “unreasonable” 
amount of time has passed without the se- 
quences becoming available. 

To some fervent lab-leak proponents, the 
new report’s authors are hopelessly biased. 
Several contributed to two 2022 Science pa- 
pers that analyzed other evidence from Wu- 
han and concluded the pandemic probably 
emerged from infected animals at the mar- 
ket. But even if the new findings do not shift 
the battle lines, many agree on the need for 
China to disclose all pertinent data. David 
Relman, a Stanford University microbio- 
logist who has argued that the lab-leak 
scenario deserves more attention, calls the 
market animal sequences, if verified, “help- 
ful.’ But, he adds, “I think there are likely to 
be lots of relevant data and other informa- 
tion that have not yet seen the light of day— 
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of relevance to both major hypotheses. 


PARTICLE PHYSICS 


A call for 
change at 
storied 
physics lab 


Energy department 
opens new competition to 
run struggling Fermilab 


By Adrian Cho 


n an unusual move, the U.S. Depart- 

ment of Energy (DOE) has quietly be- 

gun a new competition for the contract 

to run the United States’s sole dedicated 

particle physics laboratory. Announced 

in January, the rebid comes 1 year af- 
ter Fermi National Accelerator Labora- 
tory (Fermilab), which is managed in part 
by the University of Chicago (UChicago), 
failed an annual DOE performance re- 
view and 9 months after it named a new 
director. DOE would not comment, but 
observers say its frustrations include cost 
increases and delays in a gargantuan new 
neutrino experiment. 

“T don’t think it’s surprising at all given 
the department’s evaluation of [Fermilab’s] 
performance,” says James Decker, a physi- 
cist and consultant with Decker, Garman, 
Sullivan & Associates, LLC, who served as 
principal deputy director of DOE’s Office of 
Science from 1973 to 2007. Although Fermi- 
lab passed its 2022 performance evaluation, 
the one for fiscal year 2021 was “one of the 
most scathing I have seen,” Decker says. 

DOE hires other parties to run its 17 na- 
tional labs on 5-year contracts that can be 
renewed annually for another 15 years or 
more. Only rarely does DOE seek a new con- 
tractor because of performance problems. 
Since 2007, UChicago has run Fermilab 
with the Universities Research Association 
(URA), a consortium of research universi- 
ties, in a partnership called the Fermi Re- 
search Alliance (FRA). The university also 
runs Argonne National Laboratory. 

DOE has already solicited letters of inter- 
est and will issue a request for formal pro- 
posals this summer. It intends to award the 
new contract by the end of the next fiscal 
year, 30 September 2024, and transfer con- 
trol of the lab, which employs 2100 staff and 
has an annual budget of $614 million, on 
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surrounding areas—including the virology 
laboratories—should be made public.” 

The sequence data took an odd journey 
to the spotlight. In early 2020, when the 
Wuhan market was closed after a cluster 
of COVID-19 cases arose there, a research 
group led by George Gao, then-head of Chi- 
na’s Center for Disease Control and Preven- 
tion, took 923 samples from “containers,” 
drains, and surfaces at specific stalls. In 
February 2022, the team posted a preprint 
reporting the presence of SARS-CoV-2 in 
73 of the samples and human genetic mate- 
rial in some of those—leading the research- 
ers to conclude that infected people brought 
the virus to the market, where it spread 
widely. But they didn’t disclose what, if any, 
other animal sequences the market samples 
harbored, as some outside researchers high- 
lighted to Science at the time. 


Four months after its preprint, Gao’s team 
deposited some of those missing sequence 
data in GISAID. The information was made 
accessible to other users of the database 
only in January—perhaps to allow review- 
ers of the group’s paper to examine it. On 
4 March, Débarre stumbled on some of the 
genetic sequences in GISAID. But it wasn’t 
until 5 days later that she realized how much 
data existed and began to collaborate with 
various evolutionary biologists who have 
become persuaded that SARS-CoV-2 spread 
from animals at the market to humans. 

That group reached out to a member of 
Gao’s team, who told them “that we could 
conduct an independent analysis,’ accord- 
ing to the Zenodo report, The next day, they 
found evidence of animals in the samples 
and notified the same researcher. By the fol- 
lowing day, 11 March, the data became invis- 
ible on GISAID. In their report, Débarre and 
her co-authors sharply criticize GISAID for 
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having “deviated from its stated mission” of 
speeding the sharing of virological data. For 
its part, GISAID has said the researchers vio- 
lated access agreements and has cut them off 
from the database. 

Contacted by Science last week, Gao said 
the sequences are “[n]othing new. It had been 
known there was illegal animal dealing and 
this is why the market was immediately shut 
down.” He would not explain the sequence of 
events that led GISAID last week to make the 
data invisible. 

In the Zenodo report, Débarre and col- 
leagues state their analysis is “not intended 
for publication in a journal” or meant to 
scoop the Gao team’s own paper, which is 
under review by the Nature family of jour- 
nals. “As scientists, we can work together on 
this,” says Kristian Andersen, an evolutionary 
biologist at Scripps Research who is one of 
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the report’s co-authors. Still, the report states 
the group went public with its analysis be- 
cause the scientists feel an “unreasonable” 
amount of time has passed without the se- 
quences becoming available. 

To some fervent lab-leak proponents, the 
new report’s authors are hopelessly biased. 
Several contributed to two 2022 Science pa- 
pers that analyzed other evidence from Wu- 
han and concluded the pandemic probably 
emerged from infected animals at the mar- 
ket. But even if the new findings do not shift 
the battle lines, many agree on the need for 
China to disclose all pertinent data. David 
Relman, a Stanford University microbio- 
logist who has argued that the lab-leak 
scenario deserves more attention, calls the 
market animal sequences, if verified, “help- 
ful.’ But, he adds, “I think there are likely to 
be lots of relevant data and other informa- 
tion that have not yet seen the light of day— 
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By Adrian Cho 


n an unusual move, the U.S. Depart- 

ment of Energy (DOE) has quietly be- 

gun a new competition for the contract 

to run the United States’s sole dedicated 

particle physics laboratory. Announced 

in January, the rebid comes 1 year af- 
ter Fermi National Accelerator Labora- 
tory (Fermilab), which is managed in part 
by the University of Chicago (UChicago), 
failed an annual DOE performance re- 
view and 9 months after it named a new 
director. DOE would not comment, but 
observers say its frustrations include cost 
increases and delays in a gargantuan new 
neutrino experiment. 

“T don’t think it’s surprising at all given 
the department’s evaluation of [Fermilab’s] 
performance,” says James Decker, a physi- 
cist and consultant with Decker, Garman, 
Sullivan & Associates, LLC, who served as 
principal deputy director of DOE’s Office of 
Science from 1973 to 2007. Although Fermi- 
lab passed its 2022 performance evaluation, 
the one for fiscal year 2021 was “one of the 
most scathing I have seen,” Decker says. 

DOE hires other parties to run its 17 na- 
tional labs on 5-year contracts that can be 
renewed annually for another 15 years or 
more. Only rarely does DOE seek a new con- 
tractor because of performance problems. 
Since 2007, UChicago has run Fermilab 
with the Universities Research Association 
(URA), a consortium of research universi- 
ties, in a partnership called the Fermi Re- 
search Alliance (FRA). The university also 
runs Argonne National Laboratory. 

DOE has already solicited letters of inter- 
est and will issue a request for formal pro- 
posals this summer. It intends to award the 
new contract by the end of the next fiscal 
year, 30 September 2024, and transfer con- 
trol of the lab, which employs 2100 staff and 
has an annual budget of $614 million, on 
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1 January 2025. UChicago hopes 
to win the contract again, says 
Paul Alivisatos, president of the 
university, who is also chair of 
FRA’s board of directors and a 
former director of DOE’s Law- 
rence Berkeley National Labo- 
ratory. “We absolutely will be 
bidding to continue.” 

In 2021, DOE gave Fermi- 
lab’s performance a B, whereas 
a B+ is needed to pass. In five 
of eight main subcategories, 
the lab earned failing marks, 
including a C on science and 
technology program manage- 
ment and a B- in business 
systems. In particular, DOE 
reviewers lamented Fermilab’s 
poor management of the larg- 
est project the 56-year-old lab- 
oratory has ever undertaken: 
“The laboratory’s biggest ini- 
tiative is struggling.” 

Physicists are preparing to 
shoot a beam of elusive particles 
called neutrinos from the lab in Batavia, I- 
linois, to a gigantic underground detector 
1300 kilometers away in an abandoned 
gold mine in Lead, South Dakota. The 
experiment—known as the Long Baseline 
Neutrino Facility (LBNF) and the Deep Un- 
derground Neutrino Experiment (DUNE)— 
aims to be the definitive test of neutrino 
properties and could help explain why the 
infant universe generated more matter than 
antimatter. In 2015, DOE estimated the 
project would cost $1.5 billion and start to 
generate data in 2025. By late 2021, the cost 
estimate had more than doubled to $3.1 bil- 
lion and the schedule had slipped 4 years. 

Scientists say Fermilab has had trouble 
overseeing construction work at the mine. 
“We did not write a very good contract for 
the excavation,’ says a former Fermilab 
physicist who requested anonymity be- 
cause he works at another DOE lab. “There 
were all kinds of loopholes in it, and the 
excavation company made an awful lot of 
money off of us.” 

The problems reveal afundamental weak- 
ness of both FRA and URA, says Marvin 
Marshak, a neutrino physicist at the Uni- 
versity of Minnesota, Twin Cities. They are 
ad hoc corporations devised to manage 
national labs, so they lack the resources of 
an industrial company, he says. “They’re 
shells,” Marshak says. “They don’t have 
enough people and they have no assets.” 

FRA officials acknowledge that Fermi- 
lab was not adequately prepared to run 
a huge construction project. In 2019, the 
lab was managing about $150 million an- 
nually dedicated to big projects, says Juan 
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de Pablo, vice president for national labs 
at UChicago and a member of the FRA 
board. Now, that number approaches 
$700 million, he says. “There were all sorts 
of things that the lab did not have the ca- 
pacity, the size, the scale to be able to take 
on so quickly.” 

However, Fermilab may not deserve all 
the blame, says a theoretical physicist who 
requested anonymity to protect relations 
with DOE. For example, he says, after the 
lab finally hammered out an excavation 
contract with Thyssen Mining, months 
passed before DOE approved it. “I’m not 
sure whether it’s really the lab that has a 
problem, or if it’s DOE that has a problem 
and is blaming the lab.” 

The contracts are in place and excavation 
in South Dakota is 60% complete, De Pablo 
says, so the costs are now under better con- 
trol. Still, DOE’s budget request for fiscal 
year 2024, released last week, now estimates 
that LBNF/DUNE will cost $3.3 billion. 

Many physicists say the lab also has 
problems beyond the neutrino experiment. 
Fermilab often lags in disbursing funding 
to collaborators at universities, multiple 
sources say. Even gaining entry to the lab 
site has become an ordeal as it tries to 
tighten security, physicists say. The lab re- 
quires occasional users to apply for site ac- 
cess 4 weeks in advance and repeat security 
training for each visit, the theorist says. 

Opinions vary on how Fermilab wound 
up in turmoil. The former Fermilab physi- 
cist says the lab’s previous director, Nigel 
Lockyer, dismissed many longtime manag- 
ers and replaced them with poorly suited 


Fermi National Accelerator Laboratory, outside Chicago, is the United States’s only dedicated particle physics laboratory. 
It is building a giant neutrino experiment that is billions overbudget and years behind schedule. 


newcomers. “I could see things falling 
apart, but I wasn’t empowered to help,” the 
physicist says. Others say the exploding de- 
mands of LBNF/DUNE forced Lockyer to 
slash other smaller projects, which alien- 
ated the physicists who worked on them. 
“Nigel was in a terrible position,” says a 
physicist who collaborates on a different 
Fermilab experiment. “And he didn’t have 
a knack of presenting these difficult deci- 
sions as being in everybody’s best interest.” 
Lockyer did not respond to a request for 
comment. 

The task of righting the ship now lies 
with Lia Merminga, who became the lab’s 
director in April 2022. Merminga recently 
led development of a $978 million proton 
accelerator under construction at Fermi- 
lab. The lab’s 2022 performance review 
commends her “for demonstrating a good 
understanding of [DOE’s] concerns.” But 
if the Fermilab contract changes hands, 
Merminga could lose the post. “I have ev- 
ery confidence in Lia,” says the physicist 
who collaborates at Fermilab. “I just don’t 
know whether she’!] have the time.” 

How many parties will bid on the con- 
tract remains unclear. Managing the lab 
requires very specific technical expertise 
but pays $5 million per year, at most. “I 
don’t think that there are too many orga- 
nizations that could really compete for this 
contract,” Decker says. If just UChicago or 
URA bid on the new contract, they’ll need 
a new partner, multiple observers say, per- 
haps one with expertise in huge construc- 
tion projects. DOE is sure to insist that 
something changes. & 
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CHINA 


China’s research enterprise undergoes shake-up 


Revamp aims to respond to U.S. challenge and promote “self-reliance” in science 


By Dennis Normile 


acing tighter restrictions on access to 

key technologies and an increasingly 

competitive global scientific land- 

scape, China has launched a major 

shake-up of its research organiza- 

tions, seeking “self-reliance” in sci- 
ence and technology. 

The National People’s Congress earlier this 
month approved a plan to refocus China’s 
Ministry of Science and Technology (MOST) 
on meeting top national priorities. It also cre- 
ates a powerful Central Science 
and Technology Commission 
to enforce consistent policies 
across government agencies— 
and hold them accountable for 
achieving their objectives. 

The revamp is “the most 
radical change to [China’s] in- 
novation system since the end 
of the Mao era,” says Richard 
Suttmeier, a political scientist 
retired from the University of 
Oregon. The goal, says Denis 
Simon, a science policy ex- 
pert at the University of North 
Carolina, Chapel Hill, is to 
get China “producing usable, 
desirable, needed technology 
that can be put into applica- 
tion sooner rather than later.” 
But the plan does not slight 
basic research, which has en- 
joyed a surge in funding. 

In part, the moves represent 
a response to recent decisions by the United 
States to restrict sales of advanced computer 
chips and semiconductor manufacturing 
equipment to China. U.S. officials are push- 
ing Japan and the Netherlands to adopt 
similar bans. This led Chinese President Xi 
Jinping to bluntly tell business executives at 
a6 March meeting that China is facing a U.S.- 
led strategy of “containment, encirclement, 
and suppression” that poses “severe chal- 
lenges for China’s development,’ according to 
Xinhua, the state news agency. 

The self-sufficiency drive “seems like a 
natural response from Chinese leadership,” 
says Emily Weinstein, an analyst at George- 
town University’s Center for Security and 
Emerging Technology. And many Chinese 
scientists agree. “China indeed has to be- 
come more self-reliant because of these re- 
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strictions,” says neuroscientist Mu-ming Poo, 
head of the Chinese Academy of Sciences’s 
Institute of Neuroscience. 

The reorganization also aims to address 
deeper problems in China’s research envi- 
ronment, says Simon, a former executive 
vice chancellor at Duke Kunshan Univer- 
sity in China. Over the years, officials gave 
MOST, a sprawling agency that oversees nu- 
merous research efforts, increased responsi- 
bility and resources “to build an innovation 
economy.” But according to Simon, “Leader- 
ship has not been impressed by the results.” 
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Beijing residents watch Chinese President Xi Jinping speak at a March congress. 


One problem has been that although 
MOST set priorities, allocated money, and 
evaluated projects, it had limited control over 
how other ministries conducted research. 
That contributed to lackluster results, ana- 
lysts have said. 

The new central commission will set gov- 
ernmentwide policies and evaluate results. It 
will sit at the loftiest political levels of China’s 
government, directly under the Communist 
Party of China (CPC). The commission’s size 
and composition remain uncertain, but it 
will “most likely [have] Xi as the chair,’ says 
Cong Cao, a science policy scholar at the Uni- 
versity of Nottingham’s campus in Ningbo, 
China. The CPC’s involvement signals that 
“science and technology has become one of 
the [nation’s] most critical issues,’ Cao says. 

MOST is likely to retain an important role 


in executing the commission’s policy direc- 
tives, Suttmeier says. Notably, MOST will still 
manage China’s National Natural Science 
Foundation, which provides grants to small 
groups of researchers working on fundamen- 
tal topics. “China has not been quiet about its 
struggles to improve in more basic and foun- 
dational science,’ Weinstein says. 

China has been increasing basic research 
funding, and Xi has signaled that he will con- 
tinue that trend. Spending on basic science 
has doubled in 5 years and now accounts for 
6.3% of total R&D money. China wants that 
share to rise to 8% by 2025, says 
economist Xuemei Xie of Tongji 
University. Even then China 
would trail the United States, 
which in 2019 spent 17% of 
R&D funding on basic science. 

Some see the reorganization 
as a chance for China’s panoply 
of research institutes to push 
for more autonomy. “I am call- 
ing [on the government] to give 
more money to institutions like 
the Institute of High Energy 
Physics [IHEP] so that we can 
decide what to do,” says Yifang 
Wang, IHEP director. He also 
predicts that despite the em- 
phasis on self-reliance, “inter- 
national collaboration will not 
be affected.” Groups from other 
countries helped design THEP’s 
proposed Circular Electron 
Positron Collider, and Wang 
says IHEP will soon resume in- 
ternational workshops that were suspended 
during the COVID-19 pandemic. 

Despite its political backing, the reorgani- 
zation is likely to face challenges. Individual 
ministries will still have some power to set 
their own agendas, potentially fragmenting 
research efforts. And private investment in 
basic research remains anemic, which could 
weaken efforts to commercialize discoveries. 

Still, Simon believes the effort will help fo- 
cus resources, improve cooperation between 
national labs and industry, and create better 
evaluation mechanisms. What remains to be 
seen, he says, is whether the shake-up can 
produce “a better scorecard when [China] 
places big bets in the race for greater techno- 
logical self-reliance.” 


With reporting by Bian Huihui. 
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Earth may face higher risk of 
catastrophic asteroid strikes 


Sizes of geologically recent impact craters revised 
upward with sharper satellite imagery 


By Paul Voosen, in the Woodlands, Texas 


t a basic level, humanity’s survival 

comes down to one thing: the 

chances of a giant space rock slam- 

ming into the planet and sending us 

the way of the dinosaurs. One way 

to calibrate that hazard is to look 
at Earth’s recent large impact craters. And 
a provocative new study suggests they are 
bigger than previously thought—meaning 
Earth is more at risk of getting hit hard, says 
James Garvin, chief scientist of NASA’s God- 
dard Space Flight Center, who presented 
the work last week here at the Lunar and 
Planetary Science Conference. “It would be 
in the range of serious crap happening.” 

Using a new catalog of high-resolution 
satellite imagery, Garvin and his colleagues 
identified large rings around three impact 
craters and one probable one that are 
1 million years old or younger. To Garvin, 
the rings imply the craters are tens of kilo- 
meters wider, and record far more violent 
events, than researchers had thought. 

If Garvin is right—no sure bet—each 
impact resulted in an explosion some 
10 times more violent than the largest 
nuclear bomb in history, enough to blow 
part of the planet’s atmosphere into space. 
Although not as destructive as the impact 
that killed off the dinosaurs, the strikes 
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would have perturbed the global climate 
and caused local extinctions. 

It’s an extraordinary claim, as Garvin 
himself admits. “We haven’t proven any- 
thing,” he says. Without fieldwork to back 
up the conclusions, impact researchers 
are wary of the circles Garvin and his col- 
leagues have drawn on maps—especially 
because they defy other estimates of im- 
pact rates. “I’m skeptical,” says Bill Bottke, 
a planetary dynamicist at the Southwest 
Research Institute in Boulder, Colorado. “I 
want to see a lot more before I believe it.” 

Because water and wind quickly erase 
most impact craters on Earth, research- 
ers estimate impact rates by tallying cra- 
ter sizes and ages on the Moon. They also 
study the size of asteroids in orbit near 
Earth—potential future impactors. Based 
on those two methods, researchers esti- 
mate that an asteroid or comet 1 kilometer 
wide or larger hits the planet every 600,000 
to 700,000 years. 

The new study, however, suggests that in 
the past million years alone, four kilometer- 
size objects pummeled the continents— 
and, given that two-thirds of the planet is 
covered by water, that could mean up to 
a dozen struck Earth in total, Bottke says. 
Anna Losiak, a crater researcher at the Pol- 
ish Academy of Sciences, doubts the ring- 
like features identified by Garvin’s team 


If Zhamanshin crater in Kazakhstan is 

30 kilometers wide (red ring) instead of the 
accepted 13 kilometers (black ring), the impact 
that made it would have been far more fierce. 


are truly crater rims. If they somehow are, 
she says, “that would be very scary because 
it would mean we really don’t understand 
what’s going on at all—and that there are a 
lot of space rocks that may come and make 
a mess.” 

The work stems from a database of high- 
resolution satellite imagery from the com- 
pany Planet. Garvin and his collaborators 
used thousands of stereo overlapping im- 
ages to create 3D maps of the four craters. 
Adding data from two height-measuring 
lasers that NASA operates in orbit, includ- 
ing one capable of penetrating tree cover, 
gave them maps with 4-meter resolution. 

They removed features from the maps 
that were obviously unrelated to the im- 
pact. Then they applied an algorithm 
Garvin had first developed for Mars that 
searches for circular patterns in the topo- 
graphy. For simple, small craters, it invari- 
ably identified the obvious crater rim. But 
in thousands of runs on the four larger cra- 
ters, the algorithm frequently identified a 
rimlike structure much farther out than the 
accepted rim. For example, Pantasma, an 
800,000-year-old crater in Nicaragua, grew 
from 14.8 kilometers to 35.2 kilometers 
in diameter. 

Experienced crater scientists don’t see 
the new rims. “Those features are so subtle 
that I don’t think they say ‘big structural 
rim,” says Gordon Osinski, a planetary 
scientist at Western University. They could 
instead be rings of debris ejected by the im- 
pacts, adds Brandon Johnson, a planetary 
scientist at Purdue University. 

Garvin, however, doesn’t think a mere 
ridge of debris would be visible after 1 mil- 
lion years of erosion. The rings imply that 
large craters on Earth have more variable 
structures than elsewhere in the Solar Sys- 
tem because of high erosion rates, he says. 
“On Earth, things get messy, particularly 
when you throw a lot of energy at it.” 

For the results to gain credence, 
Johnson says the team will need to gather 
more evidence. First, the climate upheaval 
triggered by impacts as big as Garvin 
claims should have left its mark in ice 
cores or ocean or lake sediments. Second, 
researchers need to visit the sites of the 
rings to look for the deformed rocks and 
gravitational variations that would indi- 
cate a true crater rim. 

Given the stakes, this is one hypothesis 
that can’t afford to go untested, Johnson 
says. “We’ve got to go there, check out the 
geology, and get more detail.” & 
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PALL OF SUSPICION 


The National Institutes of Health’s “China initiative” has upended hundreds 
of lives and destroyed scores of academic careers By Jeffrey Mervis 


or decades, Chinese-born U.S. faculty 
members were applauded for work- 
ing with colleagues in China, and 
their universities cited the rich payoff 
from closer ties to the emerging scien- 
tific giant. But those institutions did 
an about-face after they began to re- 
ceive emails in late 2018 from the U.S. 
National Institutes of Health (NIH). 
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The emails asked some 100 institutions to 
investigate allegations that one or more of 
their faculty had violated NIH policies de- 
signed to ensure federal funds were being 
spent properly. Most commonly, NIH claimed 
a researcher was using part of a grant to do 
work in China through an undisclosed affili- 
ation with a Chinese institution. Four years 
later, 103 of those scientists—some 42% of the 


246 targeted in the letters, most of them ten- 
ured faculty members—had lost their jobs. 
In contrast to the very public criminal 
prosecutions of academic scientists under 
the China Initiative launched in 2018 by 
then-President Donald Trump to thwart Chi- 
nese espionage, NIH’s version has been con- 
ducted behind closed doors. Michael Lauer, 
head of NIH’s extramural research, says that 
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secrecy is necessary to protect the privacy 
of individual scientists, who are not govern- 
ment employees. Universities consider the 
NIH-prompted investigations to be a per- 
sonnel matter, and thus off-limits to queries 
from reporters. And the targeted scientists 
have been extremely reticent to talk about 
their ordeal. 

Only one of the five scientists whose cases 
are described in this article has previously 
gone public with their story. And only one 
has pushed back successfully, winning a 
large settlement against her university for 
terminating her. 

But a running tally kept by the agency 
shows the staggering human toll of NIH’s 
campaign. Besides the dismissals and forced 
retirements, more than one in five of the 
246 scientists targeted were banned from ap- 
plying for new NIH funding for as long as 
4 years—a career-ending setback for most ac- 
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ademic researchers. And almost two-thirds 
were removed from existing NIH grants. 

NIH’s data also make clear who has been 
most affected. Some 81% of the scientists 
cited in the NIH letters identify as Asian, 
and 91% of the collaborations under scrutiny 
were with colleagues in China. 

In only 14 of the 246 cases—a scant 6%— 
did the institution fail to find any evidence 
to back up NIH’s suspicions. Lauer, who 
oversees NIH’s $30 billion grants portfolio, 
regards that high success rate as proof NIH 
only contacted institutions when there were 
compelling reasons to believe the targeted 
scientists were guilty of “scientific, budget- 
ary, or commitment overlap” with NIH- 
funded projects. 

“The fact that more than 60% of these 
cases have resulted in an 
employment separation, or 
a university taking the step 
of excluding a scientist from 
[seeking an NIH grant] for 
a significant period of time, 
means that something really, 
really serious has occurred,’ 
Lauer told Science. 

But others, including 
some of the scientists tar- 
geted and the university 
administrators involved in 
investigating them, say the 
tremendous power differ- 
ential between NIH and its 
grantees may be a better ex- 
planation for why so many 
scientists have been axed. 

NIH is by far the larg- 
est funder of academic bio- 
medical research in the 
United States, and some 
medical centers receive hun- 
dreds of millions of dollars annually from 
the agency. So when senior administrators 
heard Lauer say a targeted scientist “was not 
welcome in the NIH ecosystem,” they under- 
stood immediately what he meant—and that 
he was expecting action. 

“Tf NIH says there’s a conflict, then there’s 
a conflict, because NIH is always right,” says 
David Brenner, who was vice chancellor for 
health sciences at the University of Califor- 
nia, San Diego (UCSD), in November 2018 
when the institution received a letter from 
Lauer asking it to investigate five medical 
school faculty members, all born in China. 
“We were told we have a problem and that it 
was up to us to fix it.” 


THERE WAS A NOTE OF URGENCY in the first 
email that Wuyuan Lu, a tenured profes- 
sor at University of Maryland’s Institute of 
Human Virology (IHV), got from a senior 
university research administrator. 


“We have received an official communica- 
tion from the National Institutes of Health,” 
Dennis Paffrath wrote to Lu on 20 December 
2018. “It concerns the failure by you and the 
University to disclose outside research sup- 
port, relevant affiliations and foreign compo- 
nents” of Lu’s existing NIH grants. 

The NIH letter listed Lu’s ties to Xi’an Jiao- 
tong University and Fudan University, includ- 
ing grants NIH said Lu had received from 
Chinese research agencies. The letter also 
alleged that his NIH grant had supported 
work done in China. “I need to know if [this] 
is true,’ Paffrath wrote to Lu. “If not, we will 
need to work with NIH to help them under- 
stand that this is not the case.” 

Lu replied the next day, confident that his 
explanation would clear up what he assumed 
was a simple misunderstand- 
ing. Some of NIH’s allega- 
tions, he wrote, appeared 
to be based on the acknowl- 
edgement section of papers 
with Chinese co-authors in 
which Lu noted their con- 
tributions to the research 
and the Chinese _institu- 
tions that had funded them. 
But those references were a 
courtesy, Lu explained, and 
didn’t mean his NIH grants 
were supporting any of 
their efforts. 

In fact, he wrote, the op- 
posite was true: His Chinese 
collaborations multiplied the 
payoff from the research that 
NIH had funded at IHV for 
more than 2 decades. Lu 
highlighted the intellectual 
property his lab generated 
for the university, telling 
Paffrath that “none of it would have been pos- 
sible without” the talented Chinese students 
working at IHV through these collaborations. 
IHV had not only approved his interactions 
with Xi’an Jiaotong University, Lu added, but 
had touted them in its newsletters. 

Lu accepted some blame. “It can be argued 
that I should have done a better job disclos- 
ing these past activities,” he wrote to Paffrath. 
“But the truth of the matter is that I did not 
think they presented any conflict of interest.” 

Nor was it clear what he could have done 
differently, Lu continued. “Even if I had 
thought [those interactions] should be dis- 
closed,’ he wrote, “I wouldn’t have known 
where, how, and what to disclose due to lack 
of clear guidelines.” 

Lu expected his letter to allay NIH’s con- 
cerns and allow him to continue research that 
contributed to the institute’s search for new 
therapies to treat cancer and infectious dis- 
eases. His boss, renowned virologist Robert 
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Gallo, told Science a prominent colleague 
once called Lu “the most gifted protein 
chemist in America,” and Gallo says Lu was 
a valued member of his management team. 

But after hearing nothing for 15 months, 
Lu was told that NIH wanted more informa- 
tion. In his next reply, Lu included lengthy 
descriptions of each of his research projects 
with Chinese collaborators and explanations 
of how they did not conflict or overlap with 
his NIH funding. 

That response was also insufficient, Paffrath 
told Lu in his next email. NIH wanted still 
more documents, Paffrath wrote, “and as 
quickly as possible.” A few weeks later came 
what Lu interpreted as “a veiled threat” from 
NIH. “NIH will not continue to be patient in 
receiving these documents,” Paffrath wrote, 
“and may pursue other remedies if we do not 
comply with their request.” 

By then Lu’s patience was 
also wearing thin. For ex- 
ample, NIH had requested 
English and Mandarin copies 
of any contracts that Lu had 
signed with Chinese institu- 
tions. “I can’t generate some- 
thing that doesn’t exist,” Lu 
wrote Paffrath regarding an 
affiliation with Fudan that 
Lu says was “purely honor- 
ary ... and with no contrac- 
tual obligations.” 

Lu says he had recur- 
ring thoughts of returning 
to China to care for aging 
parents. Each time, Gallo 
told him he could do more 
to help the world by staying 
at IHV. But the increasingly 
bitter exchanges with NIH 
pushed him over the edge. 
In August 2020, Lu resigned 
his tenured position. He is now a professor at 
Fudan’s medical school in Shanghai. 

“NIH was acting like a bully,’ he tells 
Science, “and I decided that I’m not going to 
waste any more time on this witch hunt.” 

Lu doesn’t blame the university, which 
through a spokesperson declined comment 
on the case, for his forced relocation. “The 
university never judged me, never put any 
pressure on me,” he says. “They were simply 
the middleman, the messenger.” 


LU AND OTHER TARGETED SCIENTISTS inter- 
viewed say they had no idea their jobs were 
on the line when university officials first 
contacted them. None retained a lawyer at 
that point. After their initial replies, they 
often heard nothing for months. And once 
that silence was broken, most were told 
their only option was to resign or be fired. 
Senior university administrators say they 
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banned 


21% of 246 targeted 
scientists were 
banned from applying 
for National Institutes 
of Health grants. 


were surprised by the tone of the NIH letters. 
“It came out of nowhere, and the accusa- 
tions were pretty ugly,’ says Robin Cyr, who 
was responsible for research compliance at 
the University of North Carolina, Chapel 
Hill (UNC), when the institution received 
its email in December 2018. “A Lauer letter 
meant that somebody at NIH thinks your 
faculty has wrongfully and willfully divulged 
intellectual property.” 

UCSD officials were so alarmed by the 
accusations in the NIH email they received 
that they circumvented a committee Brenner 
created years earlier to work with faculty 
members to avoid conflicts of commitment. 
(Research universities, including UCSD, 
typically allow their faculty to spend 1 day a 
week on outside activities, including foreign 
collaborations.) Instead, Brenner says, “the 
matter went straight to the 
chancellor’s office.” 

The letters also forced 
administrators to recali- 
brate their understanding of 
what types of collaborations 
needed to be disclosed. “This 
is the way it works in aca- 
demia; you collaborate with 
people,’ Brenner explains. 
“The money [a faculty mem- 
ber] received from NIH was 
always used in their lab, and 
then they would collaborate 
with other people using 
other funds. And we always 
thought that was a good thing 
until we were re-educated 
and told that it wasn’t.” 


NIH’S SUDDEN SHIFT also sur- 
prised UNC biochemist Yue 
Xiong, who had assumed his 
ties to China benefited all 
parties, including NIH. Xiong, who studies 
protein degradation, had come to the United 
States in 1983 thanks to a prestigious state- 
backed graduate scholarship program that 
allowed China’s most promising young sci- 
entists to finish their training in the West. A 
decade later, he landed at UNC and quickly 
established himself as a rising star. 

“Yue is one of our most important scien- 
tists, a rock star, and a model of what we 
want our faculty to be,” says Brian Strahl, 
chair of the medical school’s department of 
biochemistry and biophysics, where Xiong 
spent 27 years on the faculty. 

In 2003, Xiong set up a joint lab at Fu- 
dan with a friend and fellow alumnus of 
that scholarship program: biochemist Kun- 
Liang Guan, then a professor at the Univer- 
sity of Michigan (UM), Ann Arbor. Fudan 
had reached out to Guan to seek his help in 
building up its graduate program in the life 


sciences, and Guan asked Xiong to join him 
so the work didn’t interfere with his duties 
at UM. 

Guan says the duo made sure the research 
it carried out in China was different from the 
work NIH was funding, and they hoped the 
Fudan students might wind up as postdocs 
in their U.S. labs. (Xiong declined to talk 
with Science but gave approval for colleagues 
to speak about his case.) 

NIH contended Xiong’s NIH grant had 
been comingled—in what Lauer calls 
“overlap’—with funding from Chinese enti- 
ties. “NIH considers the work that was inap- 
propriately disclosed [from foreign sources] 
to be part of their ecosystem, that is, work 
that they had funded,” says Cyr, now executive 
vice chancellor for research at Northeastern 
University. “So the university had to disprove 
that, or we had to say it’s inconclusive.” 

Cyr says NIH would not accept the lat- 
ter response. “They just kept saying that we 
needed to dig deeper,’ she recalls. “But the 
faculty’s stories didn’t change. The narrative 
was what it was.” 

Another sticking point was whether Xiong 
had a contract with Fudan and had not dis- 
closed it. Strahl and Leslie Parise, his de- 
partment chair when the investigation was 
launched, say they were told the alleged con- 
tract contained language about intellectual 
property rights that UNC would never have 
accepted. But Xiong “kept saying he didn’t re- 
member signing any contract,’ recalls Parise, 
now dean of the University of Vermont’s col- 
lege of agriculture and life sciences. 

Strahl says he was told repeatedly that 
UNC’s entire portfolio of NIH grants—which 
was approaching $1 billion—was at risk if 
Xiong wasn’t removed and that anything 
short of termination wasn’t an option. Cyr 
also felt that pressure. 

“When you have Mike Lauer saying that 
certain individuals are not welcomed in the 
NIH ecosystem, that’s a powerful message,” 
Cyr says. “I get that Congress holds NIH ac- 
countable and that NIH felt it was in the hot 
seat. But in dealing with the problem, you 
shouldn’t compromise human beings.” 

Xiong never saw a list of specific allega- 
tions, nor did UNC ever give him any report 
of its findings. Instead, on 27 May 2020, 
Xiong was told at a face-to-face meeting 
with the medical school’s head of human 
resources that he had 48 hours to decide 
whether to resign or be fired. 

“He wasn’t given any other options,” re- 
calls Strahl, who attended the meeting as 
Xiong’s new boss. “If you want to resign, that 
would be fine,’ Strahl recalls Xiong being 
told. “But if you fight this, things won’t end 
well for you.” 

They were both in shock, Strahl says. “All 
I could say was, ‘I’m so sorry. [Xiong] never 
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expected to be let go. He thought 
that the truth would prevail.” 

Several of Xiong’s colleagues 
tried to intervene. “We all wrote 
letters to the chancellor ask- 
ing him to reverse the decision, 
but we never even got an an- 
swer,’ says biochemist William 
Marzluff, who had recruited 
Xiong to UNC. A UNC spokesperson declined 
to comment on the case. 

Xiong retired quietly from UNC in July 
2020 and is now chief scientific officer of 
Cullgene, a biotech startup in San Diego he 
co-founded fueled by some of his work at 
UNC. Six months after his retirement, a uni- 
versity press release touted a paper Xiong and 
others had published in a leading journal— 
but did not mention his departure. 


LI WANG IS THE ONLY RESEARCHER Science 
spoke with who was able to overturn her 
termination, thanks to her union’s collective 
bargaining agreement. But that isn’t to say 
she emerged unscathed. 

Within a week of receiving an email from 
Lauer on 6 November 2018, University of 
Connecticut (UConn), Storrs, officials had re- 
moved Wang, a tenured professor of physio- 
logy and neurobiology, from her NIH grant 
and denied her access to the mice she used 
to study liver metabolism. 

But senior administrators soon decided 
NIH’s claims that Wang held a position at 
Wenzhou Medical University and had re- 
ceived a grant from the National Natural 
Science Foundation of China 
did not hold up. “There is suffi- 
cient evidence to show that Dr. 
Wang is not formally affiliated” 
with Wenzhou, UConn’s then- 
vice president for research, 
Radenka Maric, wrote Lauer 
on 21 November, and that the 
grant “was in fact awarded to a 


different Li Wang.” 
Lauer wasn’t willing to ac- 
cept those results, accord- 


ing to emails obtained by 
Science from UConn through 
a Freedom of Information Act 
(FOIA) request. On 28 Novem- 
ber, Lauer wrote Maric, now 
UConn’s president, that there 
were “at least four publica- 
tions” that listed “Dr. Wang- 
UConn as_ affiliated with 
Wenzhou” and reminded Maric 
“to consider those publica- 
tions as part of your ongoing 
reviews.” Lauer also told Maric 
that “NIH thought a reason- 
able person would consider it 
more likely than not that Dr. 
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For 225 of the cases 
China was the 
country of concern. 
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199 of the targeted 
scientists are men. 
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182 of the targeted 
scientists self- 
reported as Asian. 


targeted 


156 


removed 


NIH grants. 


Wang-UConn received financial support 
for her research” from the Chinese grant. 

Lauer suggested UConn officials contact 
the FBI, and in a subsequent email Maric 
told Lauer it had given UConn “additional 
information regarding Chinese talent pro- 
grams, foreign affiliations, and key search 
terms.” UConn used FBI techniques to search 
Wang's emails, she told Lauer, and obtained 
“a forensic image of [Wang’s] laptop ... that 
appear to contradict her denials.” 

UConn then changed its mind about 
Wang’s innocence. “We cannot certify Dr. 
Wang as being honest, trustworthy and forth- 
right,’ Maric told Lauer on 19 February 2019. 

One month later, UConn banned Wang, 
who at one point held five NIH grants, from 
applying for NIH funding for 3 years, and in 
July the university decided to fire her. Wang 
resigned on 19 September 2019, 1 day before 
her termination went into effect. 

Wang had already filed a grievance, which 
was rejected. But she had another way to 
fight back: A collective bargaining agreement 
gives UConn faculty the right to seek outside, 
binding arbitration in employment disputes. 

Wang took advantage of that mechanism, 
in which an independent arbi- 
trator conducts its own inquiry 
and issues a ruling that both 
parties have agreed to accept. 
The quasi-judicial process, 
which includes testimony from 
both sides, was conducted by 
the American Arbitration As- 
sociation (AAA), and in Novem- 
ber 2021 its arbitrator ruled 
in Wang’s favor. In a 56-page 
decision, AAA’s Peter Adomeit 
ordered UConn to pay Wang 
$1.4 million in compensation 
for being suspended and termi- 
nated “without just cause.” 

Wang declined to speak with 
Science, and her lawyer said a 
nondisclosure agreement pre- 
vents him or Wang from discuss- 
ing the case. UConn officials also 
declined comment. 

Adomeit’s ruling, which 
Science obtained from UConn 
through its FOIA request, ex- 
coriated UConn officials for an 
investigation it characterized as 
deeply flawed. 


63% of 246 


scientists were 
taken off their 


“(Interim Provost John] 
Elliott’s claim that the Univer- 
sity ‘has lost confidence’ in Dr. 
Wang is true,” Adomeit wrote. 
“But it was their fault, not hers. 
They relied on false evidence. 
[Wang] tried to correct them, 
but they wouldn’t listen.” 

“They ‘lost confidence’ be- 
cause they only listened to one side of 
the story,’ the decision continued. “Their 
minds were closed. They had no interest in 
contrary evidence.” 

Adomeit found the university’s use of the 
results from its audit of Wang’s computer to 
be especially egregious, criticizing lead in- 
vestigator Michelle Williams’s analysis. “Dr. 
Williams reached her conclusions without 
conducting metadata analysis on whether 
Dr. Wang wrote, modified, or accessed the 
computer data,’ Adomeit wrote. Williams, he 
explained, “became convinced, after visually 
inspecting the forensic image of Dr. Wang’s 
computer, that Dr. Wang was lying, despite 
website evidence to the contrary.” 


BESIDES CONDUCTING flawed investigations, 
some universities seem to have cracked 
down even harder than NIH demanded. 
That was the case for UCSD neuroscientist 
Xiang-Dong Fu. 

Fu, who studies neurodegenerative dis- 
eases including Parkinson’s, was hired by 
UCSD in 1992 and earned tenure in 1998. 
That was also the year colleagues at Wuhan 
University, where Fu did his undergraduate 
studies, solicited his help in building up 
their research programs. 

“You are already coming [to Wuhan] to 
visit your parents, so maybe you can pro- 
vide some advice to our young faculty and 
work with their students?” Fu recalls being 
asked at dinner during one of those visits 
home. “If you have someone with similar 
research interests and some students, then 
Td be happy to help out,” he says he replied. 

Five years later such an opportunity 
arose, and Fu began to tack on 2 or 3 days at 
Wuhan every few months after spending a 
weekend with his parents. In 2005 his hosts 
formalized his role by naming him a visit- 
ing professor, and over the next 3 years he 
was paid $1000 a month for 2 months’ work 
with funds from a government program for 
domestic scholars. 

From 2012 to 2016, Fu was again sup- 
ported by Wuhan through China’s Thou- 
sand Talents program, which was created to 
lure back Chinese-born scientists working 
abroad. Those who agreed to spend at least 
9 months a year in China received generous 
salaries and lavish research funding. Given 
his full-time faculty position at UCSD, Fu 
chose the much less lucrative second tier, 
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which came with a modest 
monthly stipend. In return, 
he spent several weeks a 
year at Wuhan and the Insti- 
tute for Biophysics at Peking 
University, where one of his 
former Wuhan students was 
now a faculty member. 

Although Fu says his su- 
periors knew about and 
had approved his activities, 
UCSD officials concluded 
that Fu had violated NIH’s 
disclosure rules. In Febru- 
ary 2020, UCSD banned him 
from applying for NIH fund- 
ing for 4 years. 

“They said that I did 
not follow certain proce- 
dures. OK, that’s fair,” Fu says. “I probably 
failed in many different ways.” A UCSD 
spokesperson says the university “will not 
comment” on his case. 

Such a ban would have been profession- 
ally fatal for most academic biomedical 
researchers. But a $9 million grant from a 
philanthropic initiative, Aligning Science 
Across Parkinson’s, and patient donations 
allowed Fu to keep his lab going. 

NIH told UCSD it regarded Fu’s penalty 
to be sufficient punishment, according to 
multiple sources. Science has also learned 
that Brenner, now head of the neighbor- 
ing Sanford Burnham Prebys research in- 
stitute, told top UCSD officials he opposed 
any further sanctions. But UCSD continued 
to investigate Fu’s ties to China. In a May 
2021 report it concluded Fu had repeatedly 
violated UCSD’s code of conduct for fac- 
ulty pertaining to conflicts of commitment. 

Fu didn’t learn about the 
second investigation until 
July 2021 and didn’t receive 
a copy of it until 6 months 
after that. In the interim he 
was invited to reply to the 
report, sight unseen, but 
told he “could not dispute 
the investigator’s findings.” 

In January 2022, Fu was 
given the choice of either 
resigning or accepting a 
4-year, unpaid suspension 
from the university that 
would ban him from cam- 
pus and his lab. In March 
Executive Vice Chancellor 
Elizabeth Simmons submit- 
ted an official request that 
Fu be terminated, and in 
late April a faculty disci- 
plinary committee recom- 
mended he be suspended 
without pay for 2 years. 


1184 24 MARCH 2023 « VOL 379 ISSUE 6638 


no violations 


In 6% of 246 cases, 
the National Institutes 
of Health agreed with 
institutions that 
NIH policies had not 
been violated. 


“| probably failed 
in many different 
ways. ... But | still 
have a dream 


to chase.” 


Xiang-Dong Fu, 
Westlake University 


Fu filed a grievance, contending that 
many of the report’s findings were incorrect 
and that the university had failed to follow 
its own procedures. More than 100 UCSD 
faculty members petitioned to lighten Fu’s 
penalty, saying the continued prosecution 
of Fu “appeared rigged to assure the Uni- 
versity lawyers would win their case rather 
than have justice be served.” 

UCSD officials never replied, says 
Christopher Glass, a professor of cellular med- 
icine at UCSD who organized the petition, 
nor did Fu get a response to his grievance. On 
5 December 2022, Fu “reluctantly resigned” 
after being told his 2-year campus suspension 
would go into effect on 1 January 2023. 

Last month he accepted a position with 
the fledgling Westlake University, China’s 
first private research university. There he 
hopes to spend the next few years refining 
a technique to convert brain cells called 
astrocytes into new neu- 
rons. His goal is to validate 
the controversial approach 
and use it to develop pos- 
sible treatments for neuro- 
degenerative diseases. 
“IT don’t need a huge lab, 
and I don’t need 10 years,” 
66-year-old Fu says. “But I 
still have a dream to chase.” 

His move to China rep- 
resents a huge loss for U.S. 
science, says Glass, who oc- 
cupied an office next to Fu 
for 30 years. “He’s an amaz- 
ing scientist, incredibly pro- 
ductive,” Glass says. “You 
couldn’t ask for a_ better 
next-door neighbor.” 


EVEN FOR SCIENTISTS who 
keep their U.S. jobs after sur- 
viving NIH scrutiny, the expe- 
rience can take a heavy toll. 


Guan had rocketed up the 
academic ladder after join- 
ing UM’s biological chem- 
istry department in 1992. 
A 1999 profile in its alumni 
magazine that marked his 
MacArthur genius award 
the previous year called him 
“one of the great scientific 
minds of his generation.” 

His success in eluci- 
dating the cell signaling 
pathways involved in organ 
development and cancer at- 
tracted Fudan’s attention, 
leading to the joint lab he set 
up with Xiong. The collabo- 
ration was no secret. 

“My [then-]dean even of- 
fered to install a video conference link so it 
would be easier for me to communicate with 
people at Fudan,” Guan recalls. And when 
Guan joined the UCSD faculty in 2007, he 
says his new bosses “were fully aware and 
very supportive of the collaboration.” 

Once Lauer’s letter arrived in late 2018, 
Guan says, he cooperated fully with UCSD’s 
investigation. “Whatever they asked for, I 
gave it to them,” he says. “Passwords. My 
passport. All my travel records. I had a con- 
tract with Fudan University, and I gave them 
a copy of that.” He also relinquished his exist- 
ing NIH grants. 

In 2019, the university concluded he had 
violated its code of conduct by failing to dis- 
close research support from foreign sources 
and banned him from applying for NIH 
funding for 2 years. Guan says his work in 
China “was totally irrelevant” to what NIH 
was funding him to do, although he acknowl- 
edges he was “inconsistent” in reporting in- 
come from Fudan. 

Guan says he never received a letter de- 
scribing the allegations he was facing or a 
report on the outcome of the university’s in- 
vestigation. But, “UCSD did what it could” to 
keep his lab afloat, he says, and he was able 
to win new NIH awards once the suspension 
ended in 2021. Even so, his lab has shrunk 
dramatically, and he’s no longer taking on 
new graduate students for fear that he won’t 
be able to support them for the duration of 
their training. 

His love of science has also suffered. 

“T used to work very hard,” he says. “Now, 
sometimes, I wonder what was the point of 
all the effort I made.” 

“And I’m one of the lucky ones,” he con- 
tinues. “I don’t know how many people that 
NIH wanted to stop are able to start again. 
Maybe none.” & 


This story was supported by the Science Fund for 
Investigative Reporting. 
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The spread of fear in an empathetic fish 


An evolutionarily ancient signaling pathway mediates emotional contagion 


By Ross S. DeAngelis and Hans A. Hofmann 


mpathy, the capacity to recognize the 
emotional state of others, is a hall- 
mark of highly social mammals, such 
as primates, elephants, and dolphins 
(1). However, evidence from studies 
in rodents (2), fish (3), and birds (4) 
suggests that the capacity for empathy is 
widespread across vertebrates (5). In some 
species, an individual’s emotional state 
can spread through a social group; yet, the 
prevalence of this emotional contagion is 
unclear (1). Although few studies have ex- 
amined the neural basis of empathy and 
emotional contagion, research in mammals 
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implicates the oxytocin system in striatal 
and septal circuits connecting to the amyg- 
dala (6-10). These brain regions are critical 
nodes of a conserved social decision-making 
network (SDMN) that enables vertebrates 
to produce context-appropriate behavior 
(11). On page 1232 of this issue, Akinrinade 
et al. (12) report that the evolutionarily an- 
cient oxytocin system is a necessary compo- 
nent in the behavioral transmission of fear 
contagion in zebrafish (Danio rerio). 
Akinrinade et al. demonstrate that wild- 
type individuals observing the erratic be- 
havior of distressed conspecifics display 
freezing behavior—a proxy for fear across 
vertebrates. They show that mutant lines 
that lacked genes encoding the oxytocin li- 
gand (oat) or one of its two receptors (oxtr 
and owtrl) did not exhibit this response, al- 
though administering exogenous oxytocin 


rescued the fear contagion. To uncover the 
neural basis of this fear contagion, the au- 
thors measured neural activity across nodes 
of the SDMN (JJ) in fish that observed a 
distressed shoal. They observed increased 
activity in the putative homologs of the 
mammalian lateral septum and striatum of 
the mutants. This suggests that these two 
brain regions, when active, inhibit freezing 
behavior and thus prevent fear contagion. 
To demonstrate that the spread of fear 
contagion is an empathetic response and 
not simply behavioral copying, Akinrinade 
et al. allowed the focal fish to simultane- 
ously observe videos of a distressed and a 
relaxed individual. During the observation 
phase, there were no differences between 
wild-type and mutant lines as both directed 
their attention toward the distressed fish. 
However, during the test phase, when a 
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Zebrafish adjust their behavior depending on the 
emotional state of other members of a shoal, even 
when observing other zebrafish in a video (as shown). 


choice was provided between two relaxed 
fish, wild-type fish appeared empathetic 
and “consoled” previously distressed fish 
by preferentially associating with them, 
whereas mutant lines lacked this response. 

The vertebrate nonapeptide system— 
which is comprised of both the oxytocin 
and arginine vasopressin pathways—is evo- 
lutionarily ancient, as are the brain regions 
implicated by Akinrinade e¢ al. in zebrafish 
fear contagion. Notably, oxytocin also regu- 
lates empathy and consolation behavior in 
mice and prairie voles (7, 8). Studies in both 
humans and rodents found that inhibition 
of oxytocin-sensitive neurons in the lateral 
septum and striatum reduces empathy (9, 
10), which could be a direct effect of oxy- 
tocin signaling or could be through the in- 
teraction of oxytocin with other important 
neuromodulators, such as do- 
pamine. Indeed, oxytocin influ- 
ences the synthesis and release 
of dopamine in reward-related 
brain areas in response to ex- 
periences of positive as well as 
negative salience and, as such, 
plays a role in regulating pro- 
and antisocial behavior (13). 

The apparent concordance 
between mammals and fish 
of how oxytocin regulates em- 
pathetic behavior raises the 
intriguing possibility that the mechanisms 
underlying empathy and some forms of emo- 
tional contagion may have been conserved 
since fish and mammals last shared a com- 
mon ancestor, ~450 million years ago. To 
test this hypothesis, experiments like those 
reported by Akinrinade et al. need to be con- 
ducted in diverse species across all major lin- 
eages of vertebrates. 

Such comparative research may have 
seemed a distant dream just a few years 
ago, but technological advances (such as 
CRISPR) have made nontraditional model 
systems increasingly amenable to targeted 
transgenic approaches. In addition, so- 
phisticated automated behavioral tracking 
systems provide insight into animal behav- 
ior at unprecedented detail. Comparative 
studies that use similar experimental 
paradigms, genetic manipulations, and 
behavioral end points can be powerful for 
uncovering the extent to which the neural 
mechanisms underlying empathy and emo- 
tional contagion are species specific or are 
a conserved feature of vertebrate neural 
organization. Comparative transcriptomics 
within a phylogenetic framework provides 
a complementary opportunity to test the 
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“Wild-type 
fish appeared 
empathetic 
and ‘consoled’ 
previously 
distressed fish...” 


extent to which variation in brain region- 
specific gene expression patterns correlates 
with different aspects of social behavior 
while simultaneously discovering molecu- 
lar pathways—other than the oxytocin sys- 
tem—that have not yet been implicated in 
these processes. For example, one such 
study discovered evidence for a conserved 
transcriptomic signature—including genes 
involved in cognition and neural plastic- 
ity—underlying social monogamy, which 
evolved independently numerous times 
in vertebrates (14). Given that empathetic 
behavior and maybe even emotional con- 
tagion have been described in diverse ver- 
tebrate taxa (2-5), using comparative tran- 
scriptomics to test whether the underlying 
neural and molecular substrates are similar 
and possibly conserved is promising. 

A highly contentious debate, especially 
regarding fishes and invertebrates, is which 
animals have the capacity for subjective ex- 
periences, such as pain and pleasure, and 
therefore should be considered 
“sentient” (15). The discovery 
that the mechanisms underly- 
ing empathetic behavior, and 
even emotional contagion, are 
similar and possibly even evo- 
lutionarily conserved between 
fishes and mammals will cer- 
tainly invigorate the debate 
on animal sentience. It seems 
likely that other fish species, as 
well as birds and some reptiles, 
also have the neuromolecu- 
lar apparatus necessary for generating and 
experiencing emotions and for recognizing 
and acting upon conspecifics in distress. 
Comparative and evolutionary social neu- 
roscience has much to contribute toward an 
understanding of the roots of human feel- 
ings and emotions. 
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BIOCHEMISTRY 


A booster 
for vaccines 
from plants 


Reconstituting a plant 
biosynthetic pathway 
enables a sustainable supply 
of vaccine adjuvants 


By Helena H. Chubatsu Nunes and 
Thu-Thuy T. Dang 


he vital role of immunization in 

public health has been displayed in 

full view during the COVID-19 pan- 

demic with the race to develop and 

mass-produce vaccines using viruses 

and various antigen-generating tech- 
nologies (J). Despite not often being in the 
spotlight, vaccine adjuvants are critical in 
modulating immune responses (2). Effec- 
tive adjuvants are thus indispensable in 
the fight against current and emerging dis- 
eases. On page 1252 of this issue, Reed et 
al. (3) report a pipeline to produce QS-7, a 
promising vaccine adjuvant derived from 
the rare Chilean soapbark tree (Quillaja 
saponaria). By elucidating the biosynthesis 
of QS-7 in the native plant and reconstitut- 
ing this pathway in the tobacco relative Ni- 
cotiana benthamiana, the authors obtained 
milligram amounts of QS-7, paving the way 
for industrial-scale production of this valu- 
able adjuvant and its derivatives. 

Endemic to difficult-to-access regions of 
Chile, Peru, and Bolivia, the Chilean soap- 
bark tree has been traditionally used for 
medicine and soap, whereas industry has for 
years relied on its bark extracts to produce 
food additives and foaming agents (4). More 
recently, the tree has received attention ow- 
ing to its ability to produce important vac- 
cine adjuvants in its inner bark such as QS- 
21, QS-7, and QS-17 (3). These adjuvants are 
added to vaccines and they promote a more 
highly activated and longer-lasting immune 
response (2). Although their mechanism of 
action is still being studied, adjuvants are 
important to generating the vaccine im- 
mune response (2). For example, QS-21 has 
been used in the human vaccine against 
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Zebrafish adjust their behavior depending on the 
emotional state of other members of a shoal, even 
when observing other zebrafish in a video (as shown). 


choice was provided between two relaxed 
fish, wild-type fish appeared empathetic 
and “consoled” previously distressed fish 
by preferentially associating with them, 
whereas mutant lines lacked this response. 

The vertebrate nonapeptide system— 
which is comprised of both the oxytocin 
and arginine vasopressin pathways—is evo- 
lutionarily ancient, as are the brain regions 
implicated by Akinrinade e¢ al. in zebrafish 
fear contagion. Notably, oxytocin also regu- 
lates empathy and consolation behavior in 
mice and prairie voles (7, 8). Studies in both 
humans and rodents found that inhibition 
of oxytocin-sensitive neurons in the lateral 
septum and striatum reduces empathy (9, 
10), which could be a direct effect of oxy- 
tocin signaling or could be through the in- 
teraction of oxytocin with other important 
neuromodulators, such as do- 
pamine. Indeed, oxytocin influ- 
ences the synthesis and release 
of dopamine in reward-related 
brain areas in response to ex- 
periences of positive as well as 
negative salience and, as such, 
plays a role in regulating pro- 
and antisocial behavior (13). 

The apparent concordance 
between mammals and fish 
of how oxytocin regulates em- 
pathetic behavior raises the 
intriguing possibility that the mechanisms 
underlying empathy and some forms of emo- 
tional contagion may have been conserved 
since fish and mammals last shared a com- 
mon ancestor, ~450 million years ago. To 
test this hypothesis, experiments like those 
reported by Akinrinade et al. need to be con- 
ducted in diverse species across all major lin- 
eages of vertebrates. 

Such comparative research may have 
seemed a distant dream just a few years 
ago, but technological advances (such as 
CRISPR) have made nontraditional model 
systems increasingly amenable to targeted 
transgenic approaches. In addition, so- 
phisticated automated behavioral tracking 
systems provide insight into animal behav- 
ior at unprecedented detail. Comparative 
studies that use similar experimental 
paradigms, genetic manipulations, and 
behavioral end points can be powerful for 
uncovering the extent to which the neural 
mechanisms underlying empathy and emo- 
tional contagion are species specific or are 
a conserved feature of vertebrate neural 
organization. Comparative transcriptomics 
within a phylogenetic framework provides 
a complementary opportunity to test the 


SCIENCE science.org 


“Wild-type 
fish appeared 
empathetic 
and ‘consoled’ 
previously 
distressed fish...” 


extent to which variation in brain region- 
specific gene expression patterns correlates 
with different aspects of social behavior 
while simultaneously discovering molecu- 
lar pathways—other than the oxytocin sys- 
tem—that have not yet been implicated in 
these processes. For example, one such 
study discovered evidence for a conserved 
transcriptomic signature—including genes 
involved in cognition and neural plastic- 
ity—underlying social monogamy, which 
evolved independently numerous times 
in vertebrates (14). Given that empathetic 
behavior and maybe even emotional con- 
tagion have been described in diverse ver- 
tebrate taxa (2-5), using comparative tran- 
scriptomics to test whether the underlying 
neural and molecular substrates are similar 
and possibly conserved is promising. 

A highly contentious debate, especially 
regarding fishes and invertebrates, is which 
animals have the capacity for subjective ex- 
periences, such as pain and pleasure, and 
therefore should be considered 
“sentient” (15). The discovery 
that the mechanisms underly- 
ing empathetic behavior, and 
even emotional contagion, are 
similar and possibly even evo- 
lutionarily conserved between 
fishes and mammals will cer- 
tainly invigorate the debate 
on animal sentience. It seems 
likely that other fish species, as 
well as birds and some reptiles, 
also have the neuromolecu- 
lar apparatus necessary for generating and 
experiencing emotions and for recognizing 
and acting upon conspecifics in distress. 
Comparative and evolutionary social neu- 
roscience has much to contribute toward an 
understanding of the roots of human feel- 
ings and emotions. 
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A booster 
for vaccines 
from plants 


Reconstituting a plant 
biosynthetic pathway 
enables a sustainable supply 
of vaccine adjuvants 


By Helena H. Chubatsu Nunes and 
Thu-Thuy T. Dang 


he vital role of immunization in 

public health has been displayed in 

full view during the COVID-19 pan- 

demic with the race to develop and 

mass-produce vaccines using viruses 

and various antigen-generating tech- 
nologies (J). Despite not often being in the 
spotlight, vaccine adjuvants are critical in 
modulating immune responses (2). Effec- 
tive adjuvants are thus indispensable in 
the fight against current and emerging dis- 
eases. On page 1252 of this issue, Reed et 
al. (3) report a pipeline to produce QS-7, a 
promising vaccine adjuvant derived from 
the rare Chilean soapbark tree (Quillaja 
saponaria). By elucidating the biosynthesis 
of QS-7 in the native plant and reconstitut- 
ing this pathway in the tobacco relative Ni- 
cotiana benthamiana, the authors obtained 
milligram amounts of QS-7, paving the way 
for industrial-scale production of this valu- 
able adjuvant and its derivatives. 

Endemic to difficult-to-access regions of 
Chile, Peru, and Bolivia, the Chilean soap- 
bark tree has been traditionally used for 
medicine and soap, whereas industry has for 
years relied on its bark extracts to produce 
food additives and foaming agents (4). More 
recently, the tree has received attention ow- 
ing to its ability to produce important vac- 
cine adjuvants in its inner bark such as QS- 
21, QS-7, and QS-17 (3). These adjuvants are 
added to vaccines and they promote a more 
highly activated and longer-lasting immune 
response (2). Although their mechanism of 
action is still being studied, adjuvants are 
important to generating the vaccine im- 
mune response (2). For example, QS-21 has 
been used in the human vaccine against 
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Biosynthesis of the vaccine adjuvant QS-7 

In the Chilean soapbark tree (Quillaja saponaria), the formation of QS-7 relies on the action of a triterpenoid 
scaffolding cyclase followed by cytochrome P450 enzymes to form the main quillaic acid scaffold from the 
precursor 2,3-oxidosqualene. Glycosyltransferases and an acetyltransferase perform a series of modifications 
to produce the final vaccine adjuvant. Assembling the entire pathway in Nicotiana benthamiana enables 
scalable and sustainable production of the vaccine adjuvant. 


@ Cyclase 


shingles, and QS-7 and QS-17 are present in 
some COVID-19 vaccine candidates. Despite 
their potent therapeutic value, the current 
global supply of QS adjuvants is enough to 
make only ~6 million vaccine doses because 
mature trees of 10 years or older are re- 
quired for adjuvant isolation (5). Moreover, 
because the complexity of the QS structures 
has challenged traditional chemical synthe- 
sis, understanding QS biosynthesis in the 
native tree presents an opportunity to sus- 
tainably obtain these pharmaceuticals. 

The QS adjuvants belong to a group of 
secondary metabolites called triterpenoid 
glycosides or saponins. These compounds 
are characterized by the presence of a pen- 
tacyclic triterpene scaffold that is variously 
glycosylated; recognizable representatives 
include the anti-inflammatory ginsen- 
osides from ginseng and the antimicro- 
bial avenacins from oat (6). Although the 
biosynthesis of saponins has been studied 
extensively, Reed et al. achieved the feat of 
discovering and reconstituting a series of 
16 enzymes, resulting in the complete bio- 
synthesis of QS-7 from 2,3-oxodosqualene, 
the ubiquitous precursor of triterpenoids. 
The discovery of a scaffolding cyclase fol- 
lowed by the tailoring cytochrome P450 
enzymes and_ glycosyltransferases that 
selectively perform nine consecutive gly- 
cosylation reactions was mostly powered 
by genome assembly, gene coexpression 
analysis, and biosynthetic gene cluster pre- 
diction tools such as plantiSMASH. Each 
enzyme was then transiently expressed in 
N. benthamiana and subjected to activity 
tests, accompanied by robust analyses of 


1188 24 MARCH 2023 + VOL 379 ISSUE 6638 


@Cytochrome P450 @Glycosyltransferase 


@<Acetyltransferase @ Short-chain dehydrogenase/ 


reductase (SDR) 
Glycosylation and acetylation 
=> llmg 
=>a> a> =p=p>=p =p Collection 
=> => 5 days after 


Vaccine} jnfiltration 


glycosylated intermediates. Finally, a total 
of 11 enzymatic steps with 14 enzymes were 
assembled in N. benthamiana through 
gene transformation by Agrobacterium in- 
oculation, resulting in an impressive final 
QS-7 yield of 7.9 wg per gram of leaf (dry 
weight) for a total of 11 mg from 410 plants 
within 5 days (see the figure). 

Reconstitution of plant biosynthetic 
pathways to produce natural products in 
heterologous systems is a promising alter- 
native to traditional chemical synthesis and 
extractions from native plants (7). The N. 
benthamiana platform has become increas- 
ingly common for pathway assembly owing 
to its low maintenance cost and versatil- 
ity in tolerating the coexpression of many 
heterologous enzymes. Recent examples 
include the biosynthesis of the pesticide 
strychnine and the flavoring and bioinsecti- 
cidal limonoids (8, 9). With the production 
of QS-7 and its analogs, Reed et al. showcase 
N. benthamiana as a platform that can ex- 
pand both the production capabilities and 
chemical space of natural products. 

The study of Reed et al. reveals the com- 
bination of various types of enzymes that 
are involved in scaffolding and modifying 
complex structures of plant chemicals. In- 
triguingly, although glycosylation is usually 
catalyzed by a single glycosyltransferase, the 
p-fucosylation of the C-28 sugar chain in the 
QS-7 scaffold requires an additional short- 
chain dehydrogenase/reductase (SDR) 
“helper” enzyme. The clustering of genes 
that encode this glycosyltransferase-SDR 
pair in the genome of the Chilean soapbark 
tree suggests a plausible regulatory role and 


highlights the possibility of assessing gene 
clusters to speed up pathway discovery. Fur- 
ther physiological and mechanistic studies 
are required to fully characterize the SDR 
helper. Nevertheless, this work illustrates 
the complexity of plant biosynthetic path- 
ways, underlining how the arrangement of 
biosynthetic genes in the genome, enzymes 
in the catalytic cascade, and auxiliary ele- 
ments work in unison to synthesize com- 
plex phytochemicals. The discovery of the 
SDR helper and other enzymes in the bio- 
synthesis of QS-7 also expands the catalytic 
toolbox for diversifying natural products 
and designing new-to-nature molecules. 

Multistep biosynthetic pathways with few 
or no known intermediates and difficult-to- 
express enzymes challenge the investigation 
of specialized metabolism in plants (7). The 
study of Reed et al. adds QS-7 to the limited 
number of plant natural products that have 
a completely elucidated biosynthesis path- 
way and an even shorter list of compounds 
whose pathways are reconstituted in het- 
erologous systems for scalable production. 
Large-scale biosynthesis of QS-7 will require 
further optimization of the N. benthamiana 
system to minimize unwanted by-products 
and metabolic bottlenecks. Nevertheless, 
this study illustrates how combinatorial 
sequencing-based genome reconstruction 
and gene expression analysis with pathway 
reconstitution accelerate the study and en- 
gineering of plant metabolism. In parallel 
with the advancement of sequencing tech- 
nologies, more computational tools, such 
as artificial intelligence platforms, machine 
learning, and retrobiosynthesis, are ex- 
pected to be at the frontier of creating new 
databases and tools for gene mining and 
pathway identification (10). For now, Reed 
et al. provide an avenue to access much- 
needed vaccine adjuvants and one more 
example of why plant biosynthetic prowess 
and the associated genomic features merit 
our attention. ® 
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A direct and clean route to MXenes 


New, scalable methods synthesize two-dimensional carbide and nitride materials 


By Daniel D. Robertson and Sarah H. Tolbert 


aterials with layered crystal struc- 

tures are an emerging class of 

compounds with desirable prop- 

erties for numerous applications. 

In particular, the family of two- 

dimensional (2D) transition-metal 
carbides and nitrides (7) known as MXenes 
[where M is a transition metal and X is 
carbon (C) or nitrogen (N)] have shown ex- 
citing prospects for use in energy storage 
(2), electromagnetic interference shielding 
(3), transparent conductors (4), and more 
(5, 6). However, MXenes have only been 
synthesized from MAX phases [where A is 
typically aluminum (Al) but can sometimes 
be other elements] by chemically removing 
A atoms with harsh solutions (7). Because 
this method generates large amounts of 
waste, it limits the scale of manufactur- 
ing for MXenes and hinders their utility. 
On page 1242 of this issue, Wang et al. (8) 
report the direct synthesis of MXenes by 
use of direct, scalable synthetic methods. 
These approaches also open pathways to 
produce new morphologies and phases of 
MXenes that have not been accessible by 
the typical route. 

MXenes have seen considerable interest 
because of their properties as 2D metallic 
conductors. Like many layered materials, 
their bulk crystal form can be separated 
(or exfoliated) into individual sheets (9). 
The sheets can then be readily assembled 
into freestanding films while retaining 
their high electronic conductivity. The re- 
sulting material is essentially a conduc- 
tive version of a standard exfoliated alu- 
minosilicate clay and is a natural fit for 
devices for which thin sheets of conduc- 
tor are needed. For example, MXene clays 
can be used in supercapacitors to store 
charge very quickly with their high surface 
area and facile electron conduction (10). 
Alternatively, films of MXene can shield 
devices from external electromagnetic 
radiation because the highly mobile elec- 
trons in the MXene can oscillate freely to 
cancel out the incoming waves (3). 
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Single-MXene sheets also show exciting 
promise. Single-layer graphene was first 
isolated from graphite two decades ago (JI). 
Since then, however, the incorporation of 
graphene and other single-layer materials 
into practical devices has presented chal- 
lenges (12). Although graphene exhibits a 
wealth of exceptional properties, including 
record-high electron mobilities (3), its poor 
processability makes it difficult for some ap- 
plications. As a sheet of sp’-hybridized car- 
bon, graphene has very little polarity and 


“= direct synthetic methods 
expand the boundaries for MXene 
use by making new phases 
and morphologies accessible.” 


thus does not stay in solution when sus- 
pended. To address this problem, oxygen can 
be incorporated to form graphene oxide, but 
doing so decreases the material’s conductiv- 
ity, making it less useful (74). By contrast, 
MXenes are naturally hydrophilic and can be 
dispersed easily in water and polar solvents 
without compromising their high electronic 
conductivity. This combination of properties 
may make MXenes useful in situations in 
which graphene has not yet proved practical. 

MXenes, however, cannot yet be made in 
the large amounts needed for widespread 


use. Translating from a laboratory scale to 
an industrial one requires processing and 
materials costs to meet strict requirements 
for a product to be competitive. On both 
fronts, MXenes show promise because the 
best-performing MXenes are derived from 
abundant, inexpensive elements such as 
titanium (Ti), C, and chlorine (Cl), and 
once formed, the MXenes can be processed 
readily. A key factor currently limiting 
their scalability is the etching step needed 
to produce MXenes from their parent MAX 
phases. Etching typically involves soaking a 
MAX material in hydrofluoric acid or other 
highly reactive solutions for up to 24 hours 
(7). This process of chemically removing 
A atoms is time consuming and generates 
large amounts of hazardous waste, both of 
which add cost and complexity to scaling 
the manufacturing of these materials (75). 
Wang et al. report two direct ways to 
make MXenes without the need for etch- 
ing from a MAX phase (see the figure). One 
involves traditional solid-state synthesis, 
in which a stoichiometric mix of solid pre- 
cursors is heated until it forms the desired 
phase. The other uses chemical vapor de- 
position, in which gaseous precursors flow 
over a heated substrate to produce a film 
of material. In either case, the authors used 
a mix of Ti, C, and Cl to access one of the 
most prominent MXenes, Ti,CCl,, as well as 
others. These methods offer a clear proof of 
concept for direct synthesis to the MXene 


Making MXenes directly 


Two-dimensional carbides and nitrides (MXenes; M is a transition metal, X is carbon or nitrogen) are produced 
by etching MAX phases (A is typically aluminum), a time-consuming process that generates hazardous waste. 


Direct synthesis routes circumvent the etching process. 
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Once synthesized, the MAX phase is 
treated with hydrofluoric acid or another 
etchant to remove A atoms and produce 
a layered MXene phase. 
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material can then be 
exfoliated into individual 
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phase without the need to make and etch 
a MAX phase. The new routes save time 
and avoid hazardous waste production that 
is associated with an etching step. These 
benefits should improve the efficiency of 
scaling the production of MXenes and ex- 
pedite the process of translating them to 
industrial-scale applications. 

The study of Wang ez al. further high- 
lights how direct synthetic methods ex- 
pand the boundaries for MXene use by 
making new phases and morphologies 
accessible. The chemical vapor deposi- 
tion method, for example, produces a “car- 
pet-like” film in which sheets of MXenes 
protrude perpendicular to the substrate. 
When precursors are added further, po- 
rous microspheres of the MXenes form 
and eventually detach from the substrate 
as a powder. These interconnected, yet po- 
rous, networks of MXenes represent ideal 
architectures for supercapacitor electrodes 
because they allow for electrolyte infiltra- 
tion without compromising pathways for 
electron transport. The authors also re- 
port several new phases of MXenes that 
have not been previously prepared, includ- 
ing 2D Cl- and bromine (Br)-passivated 
zirconium carbides (Zr,CCl, and Zr,CBr,) 
and 2D Cl-passivated titanium nitride 
(Ti,NCI,). Ti,NCl, notably represents the 
first Cl-terminated nitride MXene and is 
one of only a handful of nitride MXenes 
that have been reported. 

Wang et al. open up new opportunities 
in the synthesis of new MXenes, especially 
for cases in which the corresponding MAX 
phases are not stable. Considering the ex- 
tensive possible combinations of elemental 
stoichiometries in this family of materials, 
the use of direct synthetic routes could sub- 
stantially expand the possible MXenes and 
properties available. In the meantime, the 
improved scalability for existing MXenes 
from direct synthesis will likely facilitate 
their use in a number of applications. 
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OPTICS 


Four-dimensional optics using 
time-varying metamaterials 


Optical platforms using material parameters that change 
with time have diverse applications 


By Nader Engheta 


or optics, like semiconductor het- 
erostructures, the interfaces and 
inhomogeneities in materials can 
manipulate optical waves and fields. 
Numerous photonic devices and com- 
ponents—for example, waveguides, 
lenses, and cavities—function owing to the 
presence of such interfaces and material 
spatial variations. Such parameter inho- 
mogeneity is generally in three dimensions 
of space (spatial inhomogeneities). But 
what if the dimension of “time” could be 
introduced into material parameters? This 
would mean that parameters can change 
with time in addition to (or instead of) 
their variation in three-dimensional (3D) 
space. Such 4D material platforms for 
optics (or for any other wave and field 


“Merging spatial and temporal 
interfaces may open a new 
horizon in four-dimensional 
optics, in which some of 
the features of both interfaces 
can be exploited.” 


phenomena) offer additional degrees of 
freedom in manipulating light-matter in- 
teraction, providing exciting opportunities 
such as in new approaches to frequency 
manipulation, signal amplification, and 
beam forming. 

Research on time-dependent electro- 
magnetic and electrical platforms dates 
back to the 1950s (J, 2). Examples of time- 
varying platforms include time-varying 
electric circuits, in which the values of cir- 
cuit components change in time; amplitude 
and frequency modulations (AM and FM), 
where the amplitude and the frequency of 
signals change owing to time-varying cir- 
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cuit elements; and mobile communication 
channels, where transmitters and receivers 
may move around. However, recent devel- 
opments in the field of metamaterials and 
metasurfaces have resurrected growing 
interest in light-matter interaction in 4D 
metamaterials. 

A “temporal interface,’ which is the 
temporal analog of a well-known spatial 
interface, occurs when a material param- 
eter is changed in time rapidly while the 
optical wave is present in the material 
(see the figure). There are similarities be- 
tween temporal and spatial interfaces, but 
there are also interesting differences. For 
example, when a wave impinges on a spa- 
tial interface between two materials with 
different parameters, reflected and trans- 
mitted waves are generated. Analogously, 
when the temporal interface occurs in the 
presence of a wave in the material, forward 
(FW) and backward (BW) waves—that is, 
waves that propagate along the same and 
the opposite directions of the original 
wave—result (2). However, in the spatial 
interface, the wavelength of the transmit- 
ted light would be different from that of 
the incident and reflected waves while 
their frequencies are the same (for linear 
materials). Conversely, for the temporal 
interface, the wavelength (and the wave 
number) for the FW and BW waves are the 
same as that of the original wave, but their 
frequency is changed owing to the change 
in wave velocity. The presence of the BW 
wave for such temporal interfaces has been 
used in a method for time reversal, which 
is elegantly shown for waves on the sur- 
face of water in a tank when a diverging 
wave is changed into a converging wave 
using a temporal interface (3). This work 
has shown how such a method can reverse 
the direction of a wave, leading to recon- 
struction of the original disturbance on the 
water surface (3). 

Another interesting difference between 
spatial and temporal interfaces is that for 
the spatial interface, the electromagnetic 
energy is conserved (the sum of reflected 
and transmitted energies is the same as the 
incident energy, when materials are loss 
free), whereas in the temporal interface, 
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phase without the need to make and etch 
a MAX phase. The new routes save time 
and avoid hazardous waste production that 
is associated with an etching step. These 
benefits should improve the efficiency of 
scaling the production of MXenes and ex- 
pedite the process of translating them to 
industrial-scale applications. 

The study of Wang ez al. further high- 
lights how direct synthetic methods ex- 
pand the boundaries for MXene use by 
making new phases and morphologies 
accessible. The chemical vapor deposi- 
tion method, for example, produces a “car- 
pet-like” film in which sheets of MXenes 
protrude perpendicular to the substrate. 
When precursors are added further, po- 
rous microspheres of the MXenes form 
and eventually detach from the substrate 
as a powder. These interconnected, yet po- 
rous, networks of MXenes represent ideal 
architectures for supercapacitor electrodes 
because they allow for electrolyte infiltra- 
tion without compromising pathways for 
electron transport. The authors also re- 
port several new phases of MXenes that 
have not been previously prepared, includ- 
ing 2D Cl- and bromine (Br)-passivated 
zirconium carbides (Zr,CCl, and Zr,CBr,) 
and 2D Cl-passivated titanium nitride 
(Ti,NCI,). Ti,NCl, notably represents the 
first Cl-terminated nitride MXene and is 
one of only a handful of nitride MXenes 
that have been reported. 

Wang et al. open up new opportunities 
in the synthesis of new MXenes, especially 
for cases in which the corresponding MAX 
phases are not stable. Considering the ex- 
tensive possible combinations of elemental 
stoichiometries in this family of materials, 
the use of direct synthetic routes could sub- 
stantially expand the possible MXenes and 
properties available. In the meantime, the 
improved scalability for existing MXenes 
from direct synthesis will likely facilitate 
their use in a number of applications. 
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OPTICS 


Four-dimensional optics using 
time-varying metamaterials 


Optical platforms using material parameters that change 
with time have diverse applications 


By Nader Engheta 


or optics, like semiconductor het- 
erostructures, the interfaces and 
inhomogeneities in materials can 
manipulate optical waves and fields. 
Numerous photonic devices and com- 
ponents—for example, waveguides, 
lenses, and cavities—function owing to the 
presence of such interfaces and material 
spatial variations. Such parameter inho- 
mogeneity is generally in three dimensions 
of space (spatial inhomogeneities). But 
what if the dimension of “time” could be 
introduced into material parameters? This 
would mean that parameters can change 
with time in addition to (or instead of) 
their variation in three-dimensional (3D) 
space. Such 4D material platforms for 
optics (or for any other wave and field 


“Merging spatial and temporal 
interfaces may open a new 
horizon in four-dimensional 
optics, in which some of 
the features of both interfaces 
can be exploited.” 


phenomena) offer additional degrees of 
freedom in manipulating light-matter in- 
teraction, providing exciting opportunities 
such as in new approaches to frequency 
manipulation, signal amplification, and 
beam forming. 

Research on time-dependent electro- 
magnetic and electrical platforms dates 
back to the 1950s (J, 2). Examples of time- 
varying platforms include time-varying 
electric circuits, in which the values of cir- 
cuit components change in time; amplitude 
and frequency modulations (AM and FM), 
where the amplitude and the frequency of 
signals change owing to time-varying cir- 
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cuit elements; and mobile communication 
channels, where transmitters and receivers 
may move around. However, recent devel- 
opments in the field of metamaterials and 
metasurfaces have resurrected growing 
interest in light-matter interaction in 4D 
metamaterials. 

A “temporal interface,’ which is the 
temporal analog of a well-known spatial 
interface, occurs when a material param- 
eter is changed in time rapidly while the 
optical wave is present in the material 
(see the figure). There are similarities be- 
tween temporal and spatial interfaces, but 
there are also interesting differences. For 
example, when a wave impinges on a spa- 
tial interface between two materials with 
different parameters, reflected and trans- 
mitted waves are generated. Analogously, 
when the temporal interface occurs in the 
presence of a wave in the material, forward 
(FW) and backward (BW) waves—that is, 
waves that propagate along the same and 
the opposite directions of the original 
wave—result (2). However, in the spatial 
interface, the wavelength of the transmit- 
ted light would be different from that of 
the incident and reflected waves while 
their frequencies are the same (for linear 
materials). Conversely, for the temporal 
interface, the wavelength (and the wave 
number) for the FW and BW waves are the 
same as that of the original wave, but their 
frequency is changed owing to the change 
in wave velocity. The presence of the BW 
wave for such temporal interfaces has been 
used in a method for time reversal, which 
is elegantly shown for waves on the sur- 
face of water in a tank when a diverging 
wave is changed into a converging wave 
using a temporal interface (3). This work 
has shown how such a method can reverse 
the direction of a wave, leading to recon- 
struction of the original disturbance on the 
water surface (3). 

Another interesting difference between 
spatial and temporal interfaces is that for 
the spatial interface, the electromagnetic 
energy is conserved (the sum of reflected 
and transmitted energies is the same as the 
incident energy, when materials are loss 
free), whereas in the temporal interface, 
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Leading Japan in translational medical research 


From bench to bedside and back again, Fujita Health University is building a 
foundational bridge between basic and clinical research. 


Located near the automotive capital of the country in Aichi prefecture, Fujita Health 
University (FHU) is marking Japan's global lead in a different industry. Recognized 
as the third-best private university in the country' and having established a wide 
international academic network, FHU is a model for the future of medical research 
and medical education. 

FHU's commitment to these two areas has existed since its founding in 1968 
by Keisuke Fujita, a medical doctor and biochemist who envisioned the university 
as a leader in both basic research and clinical work. More than 50 years later, this 
balance remains a prerequisite for the university's faculty and its students. 

“Many of our medical students are interested in basic research. Of course, they 
must be good medical doctors, but they must also have a research mind,” says FHU 
Vice President Nakao Iwata. 

It is not uncommon for students to gradually lose motivation in research, with a 
large number finding graduate school an unpleasant experience.” In Japan, many 
medical doctors eventually abandon their research to focus entirely on clinical 
work. FHU, on the other hand, has dedicated itself to an educational environment 
that maintains if not raises a student's commitment to the bench. 

This is because, compared with other academic leaders in the country, FHU is 
a small university, with just over 3,000 students but almost 1,000 faculty. This low 
student-faculty ratio provides an intimacy that allows the university to introduce 
students to research projects that match their interests and skills. 


"| know every scientist and student at the university. | know what they are doing 
and what they want to do,” notes Iwata. 


Adaptation as a key to success 

From the early days of 2020, the world was anticipating a new infectious disease, 
but the severity would not be known for several months. China and its neighboring 
countries were the first to go into lockdown. Japan would make the news early, well 
before COVID-19 was a pandemic, by refusing to disembark passengers and crew 
from the cruise ship Diamond Princess, which sat in Yokohama Bay that February. 
Unsure of the health risks, the Japanese government turned to its leading medical 
institutions for assistance. Among them was FHU, which took responsibility for over 
100 passengers, testing for the virus and accumulating invaluable patient data about 
the disease, thus putting it at the forefront of infection-prevention measures. 

As the pandemic grew, FHU realized it would not only have to adopt new 
measures for patient care—the education of its students would be affected greatly. 
It therefore became one of the first universities to transition to online lectures. 

“It immediately happened,” says International Relations Manager Ayako Masaki 
about the implementation. “That spirit reflects all our activities—research, clinical, 
and patient safety. Everything moves fast.” 

Online lectures also allowed the university to continue pursuing its international 
student cohort while the borders were closed to all non-residents. Since 
implementing an aggressive push to expand its international network 10 years ago, 
FHU now offers English-only degree programs and is growing its collaborations with 
foreign universities to jointly develop new medical technologies. It has also set up 
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exchange programs with several universities around the world, inviting students to 
earn credits while doing clinical fellowships at the partner's facilities. 

An international collaboration with Johns Hopkins University in the United States 
has led to knowledge sharing in rehabilitation medicine, including swallowing 
disorders (dysphagia), a major problem in stroke patients. The two universities 
have a strong partnership researching imaging modalities, such as computed 
tomography (CT), magnetic resonance imaging (MRI), and videofluoroscopy, for the 
diagnosis and management of dysphagia.’ 


Emphasis on 
translation 
These international efforts 
are part of expanding the 
university's translational 
research. Iwata is also the 
director of a new office, 
the Translation Research 
Headquarters, which was 
founded in 2022 and is 
responsible for translational 
research, Clinical trials, and 
industry partnerships. It has 
already hired nearly 100 staff. 
Overall, the university 
is investing greatly in 
infrastructure for translation. A 
major focus is the development of chimeric antigen receptor (CAR) T-cell therapies. 
These therapies have shown extraordinary promise for incurable leukemias and 
are expected to perform similarly against other cancers. Like many universities 
across the country, FHU has established its own cell processing center (CPC) to 
prepare these and other cells for regenerative medicine. However, only FHU’s CPC 
has both positive and negative pressure facilities, which allows FHU to concentrate 
viral vectors on-site. This independence from commercial sites both expedites and 
initiates the development of new experimental therapies. 
As with many countries, Japan has a serious shortage of surgeons in rural areas. 
Moreover, these same areas generally have older populations who cannot travel 
to major metropolises. It is not a surprise then that patient outcomes correlate 
with geographical residence, but this relationship is expected to weaken with 
telesurgery. Although some telesurgery is approved in Japan, a critical limitation is 
the time lag in the signal between the surgeon in one location and the operating 
room in another, which can be dozens if not hundreds of kilometers away. FHU was 
the first to apply a new surgical robotics system to gastroenterology in Japan, with 
the surgeon located at one of its four medical centers and the surgery conducted at 
a second.° Complementing this robotics research is the application of deep learning 
for cancer diagnostics, FHU has worked with several companies in this sector 
to enhance the image quality while shortening the imaging time for organs and 
tissues.® Other industry partnerships are leading to spinoffs like Genonyxs, which 
offers genetic testing in a secure platform that protects the patient's data 
and identity. 


Left: Fujita Health University Vice President Nakao Iwata; Right: Fujita Health University President Yukio Yuzawa 
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Smart Health 

That protection is crucial for an even larger project. Despite Japan's reputation 

in electronics and technology, many medical records are kept in hard copy, and 

itis not unusual to see a fax machine beside the coffee maker. FHU is working 

with several companies to move these records to the cloud for the creation of a 

“Smart City.” Medical records will be accessible by medical centers, pharmacies, 

and other relevant bodies all while maintaining the anonymity and security of the 

patient. In a super-aging society like Japan, healthcare workers cannot assume their 

patients have the cognizance 

.  toreliably provide all details 

h of their health history and 
medication. In addition, the 

"| } metadata from this project will 

contribute to disease modeling 

and recommendations for 

behavioral changes, such as 

diet and physical activity. 

Its rich research 
environment and advanced 
‘infrastructure are two reasons 
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companies and government 
organizations prefer FHU. 

- Iwata adds that another reason 
concerns FHU’s dynamic and 
flexible operations. 

"We have a very fast 
decision-making process. When we make a decision, we expect to act on it the next 
day,” he says. 

Although a relatively young and small university, FHU has the largest number of 
beds at a teaching hospital in the country, according to FHU President Yukio Yuzawa. 
He adds that it is also leading the transformation of Japan's healthcare, making FHU 
one of the best places in Japan to make a difference in medicine for the country and 
worldwide: “We aim to create new medical care based on education and research 


m 


using the philosophy cultivated under the principle of ‘Our Creativity for the People. 


References: 


1. https://www.timeshighereducation.com/world-university-rankings/fujita-health- 
university 


https://www.nature.com/articles/d41586-019-03459-7 
https://www.mdpi.com/1660-4601/17/14/5221 

. https://link.springer.com/article/10.1007/s00455-021-10288-2 
. https://link.springer.com/article/10.1007/s00423-022-02710-6 
. https://link.springer.com/article/10.1007/s00330-022-08877-2 


an fF wD 


Sponsored by 


J 


— 


FUJITA HEALTH UNIVERSITY 


GRAPHIC: A. FISHER/SCIENCE BASED ON N. ENGHETA 


Material platform for optics 


One-dimensional (1D), two-dimensional (2D), three-dimensional (3D), and four-dimensional (4D) variation of 
parameters in material structures can alter optical waves in different ways. 1D, 2D, and 3D platforms involve 
time-invariant material variation in space (x, y, Z), whereas 4D materials change with time (t, t,, or t;) and vary 
in space (x, y, Z). The boundaries between the different colors are examples of spatial interfaces, whereas the 


white dashed lines are examples of temporal interfaces. 


1D 2D y 


the energy required to change the material 
can affect the electromagnetic wave en- 
ergy, causing the wave energy to increase 
or decrease. This feature underlies the 
mechanism behind phenomena such as the 
Faraday instability (4), which was recently 
used for the phase conjugation in water 
waves to refocus a diverging wave to its 
original source (4), and the parametric am- 
plification. The latter relates to the recent 
proposal on light amplification in photonic 
time crystals, where the emission from a 
source inside such structures is enhanced 
owing to the temporal modulation of the 
material parameter (5). 

It is important to note that although 
various wave features related to space and 
time have certain symmetries in electrody- 
namics, the ones resulting from temporal 
interfaces must follow the causality and 
can break the time-reversal symmetry. 
Consequently, time-varying platforms can 
provide mechanisms for breaking reci- 
procity, leading to methods for designing 
magnet-free nonreciprocal structures (6). 
Spatiotemporal materials can also become 
a test bed for exploring some of the relativ- 
istic phenomena, such as the Fresnel drag 
(7), superluminal and subluminal features 
(8), and the Doppler cloaks (9). 

Four-dimensional metamaterials have 
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already shown promising applications, 
such as time reversal (3), nonreciproc- 
ity (6), temporal aiming, and antireflec- 
tion temporal coating (J0), but the future 
may bring even more exciting directions. 
Merging spatial and temporal interfaces 
may open a new horizon in 4D optics, in 
which some of the features of both inter- 
faces can be exploited. Mixing amplitude 
and frequency modulations can be consid- 
ered in such scenarios. Another possible 
direction may be to bring synthetic dimen- 
sions (11) into 4D metamaterials. Synthetic 
dimensions offer additional dimension- 
alities beyond the conventional (3D) geo- 
metrical dimensionality in physical struc- 
tures (11). Photonic structures with such 
synthetic dimensions, when combined 
with 4D metamaterials, may result in even 
higher (N)-dimensional photonics (ND 
optics), which may lead to interesting re- 
search directions for exploring possible 
bandgap features in higher (synthetic)- 
dimensional structures. 

Metasurfaces, which are the 2D version 
of metamaterials, have undergone substan- 
tial recent development in terms of scal- 
able nanofabrication and various applica- 
tions in imaging and sensing. This is partly 
because metasurfaces can be constructed 
with available nanofabrication technology. 


Therefore, one spatial dimension was sacri- 
ficed in favor of technological development 
in manufacturing. A similar trend for 4D 
optics has already started: Spatiotemporal 
metasurfaces are being developed in which 
one spatial dimension has been removed 
in favor of getting access to the 2D sur- 
faces in which the material parameters 
can be changed in time (72, 73). A higher 
degree of freedom can be achieved when 
the temporal interface involves changing 
material parameters from an isotropic to 
an anisotropic scenario (10). This leads to 
interesting phenomena such as the inverse 
prism (/4), in which a monochromatic sig- 
nal propagating in various directions can, 
upon interaction with a temporal interface, 
become a signal whose frequency depends 
on its direction of propagation. Expanding 
the idea of transformation optics, in which 
spatial inhomogeneity and anisotropy can 
tailor electromagnetic fields and waves in 
desirable fashion, into four dimensions 
will likely open doors to richer light-mat- 
ter interaction. 

Perhaps in the future, 4D optics may also 
be exploited for connection to 4D imaging 
of transient structures with electron mi- 
croscopy (15). Furthermore, the temporal 
interface could also become the basis for 
new devices and components, which could 
be further enhanced when hybrid combi- 
nations of spatial and temporal interfaces 
are considered. & 
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A global approach for natural 
history museum collections 


Integration of the world’s natural history collections can 
provide a resource for decision-makers 


By Kirk R. Johnson’, lan F. P. Owens’, 
the Global Collection Group 


ver the past three centuries, people 

have collected objects and specimens 

and placed them in natural history 

museums throughout the world. 

Taken as a whole, this global collection 

is the physical basis for our under- 
standing of the natural world and our place 
in it, an unparalleled source of information 
that is directly relevant to issues as diverse 
as wildlife conservation, climate change, pan- 
demic preparedness, food security, invasive 
species, rare minerals, and the bioeconomy 
(1). Strategic coordination and use of the 
global collection has the potential to focus 
future collecting and guide decisions that 
are relevant to the future of humanity and 
biodiversity. To begin to map the aggregate 
holdings of the global collection, we describe 
here a simple and fast method to assess the 
contents of any natural history museum, and 
report results based on our assessment of 73 
of the world’s largest natural history muse- 
ums and herbaria from 28 countries. 

Today, more than a thousand natural his- 
tory museums exist, with the largest ones 
located in Europe and North America. The 
world’s natural history collections provide a 
window into the planet’s past and present, 
and they are increasingly being used to make 
actionable predictions relative to climate 
change, biodiversity loss, and infectious dis- 
ease. For example, natural history museum 
data are the fundamental source of primary 
biodiversity knowledge underlying major pol- 
icy frameworks. The 2018 Intergovernmental 
Panel on Climate Change (IPCC) Special 
Report on Global Warming of 1.5°C used over 
385 million species occurrence records, aggre- 
gated and tracked by the Global Biodiversity 
Information Facility (GBIF), from 5432 data 
providers, mostly natural history museums 
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(2, 3), to show species movement in response 
to climate change [see supplementary materi- 
als (SM) for additional case studies]. 

Yet despite their enormous potential value 
to society, the information embedded in 
the collections housed in these museums is 
largely inaccessible. Fortunately, advances in 
digital, isotopic, imaging, and genomic tech- 
nologies, as well as machine learning and 
artificial intelligence, are transforming and 
amplifying how natural history collections 
can be accessed and used (/). These innova- 
tions are substantially broadening the range 
of possible applications to include human 
health, cultural revitalization, and environ- 
mental monitoring. Increasingly, Indigenous 
interlocuters are joining these conversations 
and enriching them (4, 5). 

In the past few decades, several networks 
have increased cooperation between biodi- 
versity-based institutions around the world. 
In addition to GBIF, the Taxonomic Databases 
Working Group (TDWG), the Global Genome 
Biodiversity Network (GGBN), the Catalogue 
of Life (COL), the Earth BioGenome Project 
(EBP), the International Barcode of Life 
(iBOL), and the Biodiversity Heritage Library 
(BHL) have provided global leadership for 
integrating specimen data, taxonomic obser- 
vations, genomes, and published literature 
on the natural world. Guiding principles for 
governing such data have emerged for tradi- 
tional [e.g., FAIR (6)] and nontraditional us- 
ers [e.g., CARE (4)]. Atlas of Living Australia 
(ALA) and Integrated Digitized Biocollections 
(iDigBio) in the United States represent suc- 
cessful national programs that develop inno- 
vative solutions to support collection digitiza- 
tion, data integration, and mobilization. They 
have fostered integration among stakehold- 
ers by making large datasets readily acces- 
sible. Other successful initiatives include the 
South African National Biodiversity Institute 
(SANBI) network, speciesLink (CRIA) in 
Brazil, and the National Commission for 
the Knowledge and Use of Biodiversity 
(CONABIO) in Mexico. 

Although these institutions and efforts are 
playing vital roles in aggregating data, they 


do not create the collections and fill gaps 
therein. It is the natural history museums 
that actively curate and expand the collec- 
tions. Thus, it falls on the museums to lead 
the way to deploy strategic collecting in ser- 
vice of future collection and policy outcomes. 
It will not be possible to do this unless mu- 
seums understand the present scope of the 
global collection and thus its gaps. Yet natu- 
ral history museums have generally operated 
independently, and no interoperable data 
structure exists to provide open access to 
their collective holdings. Because most natu- 
ral history museum data are not digitally dis- 
coverable, the networks of data aggregators 
have not been able to access these “dark data” 
(7), the majority of museum specimens and 
objects that are the physical basis of natural 
history and cultural knowledge. 

As the first step toward building a global 
network, we worked with the directors and 
lead science and collection staff of 73 of the 
world’s largest natural history museums 
and herbaria from 28 countries to design 
and complete a simple and rapid survey of 
their collective holdings (see the first figure). 
Until now, it has been difficult to enumerate 
or compare the complete contents of large 
museums because their collections are not 
fully digitized, and the terminology used 
to describe subcollections is variable. Each 
of the 73 museums did report a total speci- 
men count, and the sum of these counts was 
1,147,934,687. We then subdivided this aggre- 
gate collection by creating a shared vocabu- 
lary for collection types and their geographic 
source areas. The result is a grid of 19 col- 
lection types by 16 geographic regions, such 
that any collection object from anywhere in 
the world would fall into only one of the re- 
sulting 304 cells (e.g., African insects; see the 
second figure). For this effort, the term “col- 
lection unit” represents a single museum’s 
holdings within a single cell. 

We then worked with expert staff from 
each museum to estimate the number of 
objects in each collection unit to the nearest 
order of magnitude (see the second figure). 
Because it is based on curatorial knowl- 
edge of each collection rather than catalog 
records, this approach is very rapid (<2 
weeks for most museums). The value of this 
coarse-grained approach is that it allows 
museums to identify their largest collection 
units and define the strengths of their col- 
lections relative to those at other museums. 

Heat mapping of collection units demon- 
strates the aggregated effort of the sampled 
museums and highlights regional and taxo- 
nomic focal areas and gaps (see the second 
figure). Most of the collection information 
that we surveyed is not digitally accessible: 
Only 16% of the objects have digitally discov- 
erable records, and only 0.2% of biological 
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collections have accessible genomic records. 

We also surveyed the size and age distri- 
bution of the museum workforce that stud- 
ies and cares for collections and that makes 
them available to the global community of 
users and found that the collections at the 73 
museums and herbaria were tended by over 
4500 science staff and nearly 4000 volun- 
teers. See SM for further details on methods 
and data. 


ACTIVATING THE GLOBAL COLLECTION 

Our assessment allowed us to begin to map 
the aggregate holdings of the global collec- 
tion, including the source areas and present 
locations of >1 billion objects (see the sec- 
ond figure and figs. SI and S2). At the same 


tions in European and North American cities 
remains a major barrier to connecting much 
of the world with its natural heritage, exac- 
erbating the societal wrongs of colonial his- 
tory in museum science. The same is true for 
museum expertise, where there is underin- 
vestment relative to the potential of the col- 
lections and opportunities for training (fig. 
$3). Such support and coordination will be 
essential to overcome imbalances in infor- 
mation, expertise, and cultural differences. 
Looking forward, we make the following 
recommendations [in line with those ar- 
ticulated in (1, 8, 9)] as a roadmap for mu- 
seums, funders, governments, and industry 
to accelerate and coordinate their efforts 
while there is a window of opportunity in 


Locations of participating natural history museums 
These 73 museums (@) collectively hold more than 1.1 billion objects. 
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time, it revealed many gaps, challenges, and 
opportunities. Work now needs to happen 
at a pace and magnitude that will meet the 
urgency of the Anthropocene and with the 
understanding that there are more species at 
risk of extinction than are currently known 
to science. Yet despite their potential value, 
natural history collections are at risk. Fires, 
natural disasters, and human conflicts can 
damage and destroy collections. Less pro- 
nounced degradation and destruction oc- 
cur because of long-term underinvestment 
in infrastructure and expertise (7). We must 
invest in protecting and preserving these col- 
lections, and in expanding and integrating 
them, and associated expertise, with focused 
collecting efforts and new technologies such 
as genomics, environmental DNA, and artifi- 
cial intelligence. 

The concentration of the largest collec- 
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the next few decades to alter the trajectories 
of climate change and biodiversity loss. 


Collecting in a rapidly changing planet 

In the year 2100, scientists and policy-makers 
will look back to the collections made in the 
21st century to inform their decisions about 
the 22nd century. Natural history museums 
must thus focus on the future. For example, 
the recent Global Biodiversity Framework 
(10) bridges the Convention on Biological 
Diversity, the Intergovernmental Panel on 
Biodiversity and Ecosystem Services, and 
other efforts by goal-setting 2030 as the 
time frame for changing trends in biodiver- 
sity loss. This is an opportunity to integrate 
museum datasets with conservation efforts. 
Yet even now, many regions of the world 
and many biological groups remain insuf- 
ficiently studied and documented. Further 


analysis of the global collection will refine 
our understanding of the gaps and provide 
a roadmap for future collecting efforts. To- 
ward that end, it is our intention to work 
with GBIF to make our data available to all 
natural history museums by integrating it 
with the Global Registry of Scientific Collec- 
tions (GRSciColl). 

For example, although our data show that 
the scale of the global collection is vast, it also 
highlights conspicuous gaps with respect to 
tropical and polar regions, marine systems, 
and undiscovered arthropod and microbial 
diversity. Also, our study does not address 
the hundreds of smaller museums, their col- 
lections, and their staffs, which comprise 
the rest of the global collection; these are 
especially valuable because of their regional 
holdings and the specificity of their expertise 
(8). Further, many current data aggregation 
efforts have largely focused on biodiversity 
and have been less inclusive of data from 
Earth and planetary sciences and anthropol- 
ogy—two fields that are traditionally major 
components of natural history collections. 


New roles for old institutions 

The collections that natural history muse- 
ums acquired over the past three centuries 
carry data that cannot be replicated but can 
be used as baselines for efforts to regener- 
ate ecosystems and revitalize communities. 
To facilitate efforts to preserve, protect, and 
expand collections, natural history muse- 
ums must coordinate with initiatives such 
as GBIF, ALA, iDigBio, Distributed System 
of Scientific Collections (DiSSCo), and 
Biodiversity Collections Network (BCoN) to 
accelerate data practices, data sharing, and 
data stewardship in common knowledge 
platforms that provide an open informat- 
ics infrastructure to build a network of ex- 
tended digital specimens (9). This step will 
happen through (i) digitization, which is 
ongoing and should be accelerated through 
high-throughput pipelines (e.g., conveyor 
belts capable of imaging >6000 herbarium 
sheets per day) and by prioritizing collec- 
tions that have the greatest potential to mit- 
igate global crises; (ii) genomic collections 
(including collections of frozen gametes and 
stem cells), which can be coordinated with 
the EBP and GGBN to facilitate sequencing 
of genomes across the tree of life; (iii) infor- 
matics, which can illuminate and interlink 
collections, making their information avail- 
able for societal benefit; and (iv) training 
and capacity building, which can deliver re- 
ciprocal benefits, expertise, and the democ- 
ratization of access to technologies. 


Evolving ethics 
Many historical practices used to acquire 
collections do not meet today’s values and 
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Heatmap of global collection units 

Any collection object in any museum can be categorized into only one of the 304 cells (19 collection types 
by 16 geographic regions). A “collection unit” is a single museum's holdings within a single cell. For 

73 museums, there are 22,192 possible collection units. The heatmap shows the 1957 collection units 
with more than 10,000 objects. See supplementary materials for details and for a heatmap of the 


242 collection units with more than 1 million objects. 
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ethical standards for social and environ- 
mental justice. Many collections hold ob- 
jects that may have been collected without 
prior consent, without permission from 
source communities, or without full recog- 
nition of contributors and cultural sensi- 
tivities (4, 5, 11). To redress past injustices, 
museums must engage with source com- 
munities to understand their perspectives 
and needs regarding objects and their as- 
sociated metadata that may include sensi- 
tive cultural or ecological knowledge (4, 
12). Ethical collecting in the 21st century 
requires local community engagement and 
benefit sharing that will also inspire and 
train the next generation of global scien- 
tists. There has been progress in this arena 
through national and international return 
efforts, which are largely focused on human 
remains and cultural artifacts (13), and 
there is increasing willingness to scrutinize 
the provenance of nonanthropological col- 
lections. The concept of shared stewardship 
is emerging as an opportunity to forge new 
partnerships around collection items where 
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there are opportunities for mutual benefit. 
Growth and use of museum collections will 
be delayed or derailed unless there is real 
progress in this realm. 


INTEGRATING INFRASTRUCTURE 

The natural history museums of the world 
all hold portions of the global collection, a 
fact that argues for a new age of networked 
museums whose goal is to exceed the sum of 
their parts by strategic use of existing collec- 
tions and thoughtful coordination of future 
collecting efforts. Yet despite several country- 
level initiatives to digitize specimens, most 
museum specimen information remains dark 
data (7). There is no single shared portal cov- 
ering the breadth of life, Earth, and anthro- 
pological specimens in natural history collec- 
tions, nor a way for researchers to link these 
data with other sources of information. We 
envision a coordinated strategy for the global 
collection that is based on strategic collect- 
ing, increased digitization, new technologies, 
and enhanced networking and coordination 
of museums. This strategy must embrace 


smaller regional collections, which bridge 
global gaps and provide critical insights and 
local context with source communities and 
geographies. Integrating this global infra- 
structure will also improve long-standing in- 
equities in training and career opportunities 
and elevate marginalized voices. 

Natural history collections are a form of 
science infrastructure that is necessary to 
support society-wide solutions. We hope to 
catalyze collaborative collection-based efforts 
to support future global sustainability, biodi- 
versity, and climate frameworks (10, 17) and 
identify critical gaps that might preclude such 
impact. Such collection-based efforts are typi- 
cally not high-level institutional priorities; 
thus, the involvement of museum leadership, 
such as in our effort, is critical, particularly 
for mobilizing resources and coordinating ef- 
forts to strategically fill gaps in collections. & 
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College towns as talent hubs 


Communities can leverage institutions of higher education 
to lure knowledge workers to new regions 


By Jonathan Wai 


f you build it, they might come. That is 

the premise of Knowledge Towns: Col- 

leges and Universities as Talent Magnets 

by historian David Staley and entrepre- 

neur Dominic Endicott, which argues 

that US colleges and universities can 
be leveraged to attract white-collar work- 
ers recently released from on-site 
workplaces to new geographical 
regions, especially with buy-in 
from the communities in which 
these institutions are situated. 
The book is structured into four 
chapters, with each chapter in- 
troducing a core idea and then 
describing scenarios in which the 
idea might be applied. 

In the introduction and chap- 
ter 1, Staley and Endicott introduce 
readers to their definition of “tal- 
ent magnets’—describing them as 
towns or locations that have many qualities 
that make them attractive to talented people. 
They then outline how to create a talent mag- 
net using 12 foundational principles. One 
example, “act local but harness the cloud,” 
encourages communities to invest and hire 
locally but to also seek out remote workers 
looking to move to regions with a better cost 
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Knowledge Towns 
David J. Staley and 
Dominic D. J. Endicott 
Johns Hopkins University 
Press, 2023. 256 pp. 


of living than the one in which they currently 
reside. Another principle, “support the bionic 
worker,’ encourages communities to consider 
emerging technologies that seek to enhance 
productive partnerships between human 
workers and machines. 

Next, the authors explore what they call 
“the knowledge enterprise,’ discussing how 
each of the principles introduced in the first 
chapter can be successfully ap- 
plied by an academic institution. 
To “encourage lives of purpose, 
not of possessions,” the authors 
suggest that the arts and hu- 
manities should be emphasized. 
To “harness the economic poten- 
tial of the community,’ emphasis 
should be placed on reinforcing 
relationships among people who 
live and work in a particular com- 
munity. For example, a university 
agricultural economist’s knowl- 
edge and expertise might be fruit- 
fully paired with that of local farmers. 

Chapter 3 explores the simultaneous co- 
development of talent magnets and knowl- 
edge enterprises. Here, the authors describe 
how a community in which there is no col- 
lege or university might start from scratch, 
outlining how an effective “town and gown” 
collaboration might be forged and how it 
might evolve across an entire state or region. 

The authors then explore how differ- 
ent principles might be used in particular 


Working together, universities and the towns in which 
they reside can bring new energy to a community. 


contexts. Here, they discuss a handful of 
possible futures, including so-called micro- 
colleges, “echoing recent growth in micro- 
breweries, microfactories, charter schools, 
and pod schools.” These smaller, leaner 
institutions could bring new energy and 
experimentation to an underdeveloped re- 
gion, they argue. In the book’s final chapter, 
the authors bring all these ideas together, 
placing particular emphasis on the move- 
ment toward remote work and on the many 
changes currently underway at existing aca- 
demic institutions. 

Missing from this book is any real con- 
sideration of the core talent that already re- 
sides at institutions of higher education—the 
faculty that conduct the research that forms 
the stature of the university (7). In The New 
Geography of Jobs, economist Enrico Moretti 
explains that it is not the infrastructure that 
brings talent, it is talent that will build out 
the infrastructure (2). 

Mobility has always been an expectation 
of becoming an academic. The journey often 
begins when one seeks admission to gradu- 
ate school, and it continues as one proceeds 
to a postdoctoral fellowship and then on to a 
faculty position. In an increasingly competi- 
tive job market, the expectation that prospec- 
tive employees will be able to relocate con- 
tinues to affect who is able to rise through 
the ranks in the academic hierarchy. And yet 
the authors fail to discuss the benefits that 
a university and its surrounding community 
might derive from removing barriers to re- 
mote faculty appointments. 

Also missing is a research-based definition 
of “talent” or even a reference to other recent 
treatments on the topic (3). Readers seeking 
a broader perspective on the current state of 
higher education may wish to consider the 
differing opinions of sociologists of education 
Steven Brint and David Labaree (4, 5). 

Despite these limitations, Knowledge 
Towns has many ideas that university ad- 
ministrators may find useful. This will 
likely prove especially true for those seek- 
ing to build a future where institutions and 
the communities in which they reside are 
better connected. m 
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Seeing fast and thinking slow 


A philosopher explores perception and cognition 


By Chaz Firestone and lan Phillips 


eeing is not believing, contrary to what 
popular idioms might claim. But what 
exactly is the difference? This question 

is the focus of The Border Between See- 

ing and Thinking, the long-awaited 
monograph by philosopher Ned Block. 

The book’s central theme is on display 
even before the first page: The cover fea- 
tures Akiyoshi Kitaoka’s “rotating snakes” 
illusion—a psychedelic array of circles that 
appear to be moving, even though you know 


which turns on the very distinction at issue.) 

Block proposes that we seek empirical 
“signatures” distinctive of seeing to adjudi- 
cate tricky cases. For example, seeing (un- 
like thinking) is extraordinarily fast: Open 
your eyes, and immediately you see your 
surroundings. By contrast, a scientist tasked 
with inferring your environment from your 
retinal input would need days. 

Another signature is “pop-out”: A lone red 
flower is easy to spot in a field of blues. But 
what about a single prime number in an ar- 
ray of nonprimes? Block doubts there is cog- 


Do we “see” a face as happy or sad? Or do we see facial features and then “know” the person is happy or sad? 


they cannot be. What you think about the 
circles differs from how you see them. 
Precisely characterizing this difference 
is notoriously difficult, however. Imagine 
picking up your child from school. Light 
reflects off their face into your eyes. Their 
smile is broad, their eyebrows raised; you 
get the impression that they are happy. Why? 
Eventually, you work it out—they got their 
grades today and must have done well. But 
where did seeing end and thinking begin? 
Did you see your child’s face as happy? Or did 
you only see their facial features and then in- 
fer what emotion they expressed? (Knowing 
which of your brain regions were active will 
not be enough to answer this question. That 
would require first establishing which activa- 
tions counted as sight and which as thought, 
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nitive pop-out for the prime. 

Block argues that the most important sig- 
nature is adaptation. Stare at a blue surface 
for a minute, and what you see next looks 
yellower (blue’s “opponent” color). Likewise, 
watching rightward motion makes stationary 
objects seem to move leftward. Block con- 
tends that adaptation is unique to percep- 
tion: Thinking about blue does not somehow 
bias later thoughts yellow-ward. 

Can this signature decide the tricky case of 
facial emotions? In Block’s hands, the ques- 
tion becomes: Do happy faces cause adapta- 
tion? The remarkable answer is yes—star- 
ing at happy faces makes neutral faces look 
angry (2). Voila: A scientifically grounded 
method to distinguish seeing and thinking 
(assuming that no cases of “cognitive adap- 
tation” emerge to complicate matters). 

Another puzzle Block pursues is whether 
we must be able to think about something 
in order to see it—a philosophical position 
known as conceptualism. Here, Block makes 


The Border 
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and Thinking 

Ned Block 
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creative use of developmental psychology. 
Infants can see colors, as revealed by their 
tendency to look at an odd color out in an 
otherwise uniform array. But Block argues 
that the ability to conceptualize color only 
arises later. Infants who see colors just fine 
do not learn regularities about colors nor 
do they notice if objects magically change 
color (2). Block concludes that they can- 
not think about the colors they see; seeing 
is “nonconceptual.” Of course, it is possible 
that infants can think about colors but just 
don’t; and it is perhaps risky to generalize 
from infant color vision to vision tout court. 
But this is a fruitful inroad to a vexed philo- 
sophical issue. 

Central to Block’s project is an account of 
perception’s underlying nature, explaining 
its distinctive signatures and content. For 
Block, perception fundamentally differs from 
thought in format. Consider how the same 
idea can be represented in different ways: A 
cat on a mat can be represented linguistically 
(“Fluffy is sitting on our Persian rug”) or pic- 
torially (a photograph of Fluffy atop the rug 
in question). Block argues that perception’s 
format is exclusively picturelike, or iconic. 

This allows perception to be rich and de- 
tailed. But a certain expressive power is ab- 
sent from perception. For example, whereas 
language can represent disjunctions (“Fluffy 
is either on the rug or in the yard”), one can- 
not depict disjunctive scenarios. However, 
we should distinguish between vision us- 
ing iconic representations and always being 
iconic. There is evidence that we perceive 
causal relations, high-level categories, and 
even possibilities (3); it is not obvious how 
iconic formats can accommodate this. 

The great virtue of Block’s discussion is 
its blending of philosophy and science, insti- 
gating an exciting empirical agenda to test 
his claims. Does cognition never adapt? Do 
all perceptual properties adapt? Do Block’s 
signatures generalize to nonhuman animals, 
artificial systems, or other senses? Can ico- 
nicity account for the full breadth of visual 
representation? Whatever the answers, 
Block’s approach offers deep insight into two 
fundamentally different aspects of mind. & 
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New South Wales, Australia needs policies to protect all koalas, not just those on public lands. 


Edited by Jennifer Sills 


Beyond protected areas 
for koala conservation 


Australia recently declared the koala 
(Phascolarctos cinereus) an endangered 
species in Queensland, the Australian 
Capital Territory, and New South Wales 
(NSW) because of its stark population 
decline (J, 2). In the state of NSW, koala 
conservation has become a key topic of 
discussion in the lead-up to the 25 March 
state election (3). However, the debate has 
focused on the expansion of protected areas 
and overlooked the importance of private 
land conservation and regulation. 

The primary cause of the koala’s decline— 
in addition to climate change, wildfire, 
disease, and encounters with vehicles and 
dogs—is the loss and degradation of suit- 
able habitat (7). In response, the NSW 
Government has expanded publicly pro- 
tected areas in the state. Over the past 20 
years—about three koala generations (1, 2)— 
NSW has designated an additional 1.5 mil- 
lion ha of protected land (4), some of which 
is high-quality koala habitat [e.g., (5)]. 

However, across Queensland, the 
Australian Capital Territory, and NSW, 77% 
of the koala’s range is located on land that 
is owned or leased by private citizens or 
businesses (6), where degradation contin- 
ues. Between 2003 and 2020, agriculture, 
forestry, and infrastructure development 
have led to the deforestation of 760,500 ha 
in NSW (7), including in regions such as the 
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Cumberland Plain (8) and Liverpool Plains 
(9), where koalas are known to live. Such 
development has counteracted the gains 
made through new protected areas. 

An effective koala conservation strategy 
must include private protected areas and 
other area-based conservation mechanisms, 
such as payments for ecosystem services 
(9-11), in addition to publicly protected 
areas. The current NSW Koala Strategy (12) 
acknowledges the importance of private 
lands, but its activities are limited largely to 
nonregulatory mechanisms. This approach 
leaves much of koala habitat conservation 
to the discretion of private landowners, 
leaseholders, and industry. Post-election 
agendas must enhance private land con- 
servation as well as strengthen regulatory 
protection of koala habitat. 
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Storylistening’s role in 
policy advice 


In their Policy Forum, “Storylistening’ 

in the science policy ecosystem” (13 
January, p. 134), C. Craig and S. Dillon 
explain how the expert evaluation of 
narratives can facilitate the delivery of 
humanistic and social science advice 

for public policy on a range of issues, 
including those to which scientific advice 
is also pertinent. Choices about which 
problems scientists prioritize and which 
solutions policymakers select are infused 
with public values (7). Capturing these 
values can be as challenging as doing the 
science itself, so any process that makes 
decision-making more systematic and 
transparent, as storylistening is supposed 
to do, is welcome. However, as Craig 

and Dillon acknowledge, stories often 

do not tell the truth. In addition, stories 
do not always reflect universal values. 
Therefore, caution should be exercised 
when using the storylistening approach 
in policy advisory systems. 

Science delivers options, not solu- 
tions. Analysis of narratives that relate 
to the policy area can be an important 
way of informing these choices. However, 
because stories are not bound by truth, 
the storylistening approach should be 
used to provide context rather than to 
design policies. For example, in biodi- 
versity management, there are, rightly, 
increasing calls for the integration of 
Indigenous peoples into the policy-forming 
process (2). Indigenous peoples’ long his- 
tory of experience and spiritual values 
should help identify protection goals. 
But only evidence collected through the 
scientific process can determine how to 
save a valued species from overexploita- 
tion or exposure to pollutants. 

The storylistening approach also 
requires an analysis of whether the val- 
ues of those telling the stories match 
the values of those affected by the poli- 
cies. For example, some stories related 
to biodiversity protection will reflect 
post-colonial values, whereas others will 
reflect values of Indigenous populations 
(2). The values of those doing the science 
or analyzing the narratives might differ 
from one or both. Which should prevail? 
In representative democracies, decisions 
are often made for us by elected officials 
and their technical advisers. But that 
has led to frustrations, especially when 
there is a sense of technocratic elitism 
(3). To make the process more open and 
inclusive, some embrace more informed 
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and deliberative democracies (4), which 
involve citizen forums (5, 6). I agree with 
Craig and Dillon that storylistening is a 
way to make the outcome of such discus- 
sions more transparent and rigorous. 
Developing a system of science advice 
in public policy that satisfies most or all 
of those affected remains a challenge. 
Surely, the humanities have a part to play, 
as Craig and Dillon explain. However, 
these techniques should not be “embed- 
ded” in the policy advisory system. 
Stories should not be treated as evidence, 
and whose perspectives and preferences 
stories communicate must be clear. Used 
with caution, storylistening can comple- 
ment rather than undermine the process 
of delivering solutions that work. 
Peter Calow 
Humphrey School of Public Affairs, University of 


Minnesota, Minneapolis, MN 55455, USA. Email: 
pcalow@umn.edu 
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Response 


We agree with Calow that caution should 
be exercised when using storylistening in 
policy advisory systems. The same is true of 
all forms of evidence. Effective advisory sys- 
tems that incorporate the natural, physical, 
and life sciences use mechanisms carefully 
calibrated to identify, synthesize, authenti- 
cate, challenge, and review such evidence. 
We advocate extending these mechanisms 
to the humanities and, in the case of story- 
listening, to the creation and use of narra- 
tive evidence. 

Calow focuses on the relationship 
between stories and values. Stories can 
indeed provide insight into ethics and 
worldviews, but storylistening’s role is 
to gather evidence, not to adjudicate 
the politics of value negotiation or value 
alignment in final decision-making. 
Moreover, stories are useful to public 
reasoning beyond the insight into judg- 
ments or principles they might offer. For 
example, the UK Ministry of Defence has 
deployed “useful fiction,” in the form of 
commissioned short stories, to anticipate 
the military, political, social, and eco- 
nomic impacts of future transformative 
technologies such as quantum technology, 
artificial intelligence, cyberpsychology, 


drones, and human enhancement (J). 
Stories that are not true can contain 
truths and useful information. 

In Calow’s example of biodiversity man- 
agement and Indigenous knowledge, sto- 
ries—including, but not exclusively, those 
of Indigenous peoples—can contribute 
to more than goal setting. Narrative evi- 
dence can be used to inform decisions on 
how to frame the system, to understand 
the collective identities in play, to extend 
the range of models for potential policy 
options, and to anticipate outcomes. For 
example, narrative evidence might help 
inform what types of scientific evidence to 
collect, identify gaps in scientific models, 
and challenge the understanding of what 
systems should be considered. Knowledge 
gained from stories can also play a part 
in developing and potentially testing 
solutions, always alongside the science. 
Recent collaborations between scientists 
and Indigenous populations demonstrate 
how Indigenous knowledge (often nar- 
rative in form) can provide evidence to 
coproduce knowledge to inform environ- 
mental decision-making (2). 

Storylistening is not about better fram- 
ing of the science (that’s storytelling), 
nor a form of or contribution to science 
communication (also storytelling). It is 
about recognizing that the knowledge 
stories contain and provide gives them 
worth—i.e, cognitive value—and that nar- 
rative evidence can indeed form part of 
a pluralistic evidence base. The rigorous 
structures of advisory systems, extended 
to storylistening, serve to guarantee the 
robustness of evidence, including nar- 
rative evidence, gathered. Embedding 
storylistening in such systems, as well 
as encouraging widespread narrative 
literacy so that people better understand 
how stories function and their effects 
at individual and collective levels, can 
ensure that the cognitive value of stories 
is properly accessed. Narratives are too 
important and convey too much informa- 
tion about the world to be excluded from 
public reasoning. 
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Mismatch fy 


wide array of mammal species have adapted seasonal 
coat color change, shifting from brownish summer coats 
to white-ish winter coats to match their environment. 
Climate change has already begun to affect the extent 
and timing of snow cover, leaving many individuals and 
populations now mismatched to their backgrounds for part of 
the year. Ferreira et al. looked at the genetics underlying these 


coat color changes and their variation across populations in 
white-tailed jack rabbits. Patterns of variation at three specific 
genes drove coat color change and differed across populations. 
Models suggest that standing variation across these genes 

and populations may allow for rapid adaptation to reduced snow 
cover and browner coats in this species. —SNV 


Science, ade3984, this issue p. 1238 


Populations of white-tailed jack rabbits, such as the one pictured above in Montana, are under selective pressure to better match coat color to reduced snow cover. 


Metallic puddles in an 
insulator 

Certain properties of metals can 
oscillate as a function of applied 
magnetic fields, a phenomenon 
known as quantum oscilla- 
tions. This process should not 
happen in insulators, which is 
what made the observation 

of quantum oscillations in the 
Kondo insulator samarium hexa- 
boride so surprising. Multiple 
mechanisms, both intrinsic and 
extrinsic, have been proposed 

to explain these findings. Pirie 

et al. used scanning tunneling 


SCIENCE science.org 


microscopy to study the vicinity 
of defects, including substitu- 
tions and vacancies. They found 
that the defects caused the 
formation of localized metallic 
puddles, which could explain the 
previously observed metal-like 
properties of this insulator. —JS 
Science, abq5375, this issue p. 1214 


Chromatin retention 
of Pol V 


A plant atypical RNA poly- 
merase, Pol V, specifically 
synthesizes the scaffold long 


noncoding RNA for recruiting 
downstream effectors to chroma- 
tin to mediate DNA methylation. 
Xie et al. report the structure of 
a cauliflower Pol V in elongation 
conformation. Distinct from Pol 
Il, the second subunit of Pol V, 
NRPE2, specifically stacks with 
the upcoming double-stranded 
DNA branch to attenuate 
transcription and captures the 
nontemplate DNA strand of the 
transcription bubble to enhance 
the backtracking, suggesting a 
chromatin retention mechanism 
underlying the scaffold function 
of Pol V.—DJ 

Science, adf8231, this issue p. 1209 
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Rational inverse design 
of 3D shapes 

Nature has a wide range of tools 
for making cellular microstruc- 
tures, such as those found in 
flowers, leaves, and other biologi- 
cal tissues. Despite advances in 
printing techniques, patterning 
porous curved surfaces can be 
challenging. Cheng et al. devel- 
oped an inverse design method 
to achieve complex three-dimen- 
sional (3D) surfaces through 

a subset of 2D films that are 
bonded together. Analytic model- 
ing and computations to inverse 
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design the 2D patterns allow 
for control of the final poros- 
ity. A wide range of examples is 
provided, including changes in 
the sign of the curvature. These 
structures can be fabricated from 
silicon, metals, chitosan, and 
polymers. —MSL 

Science, adf3824, this issue p.1225 


3D PRINTING 
Overcoming challenges 
with silicone 


Silicone elastomers are used 
in a wide range of applications 
because of their resistance to 
heat, moisture, and chemical 
agents. However, three-dimen- 
sional (3D) printing with silicone 
is challenging because of the 
interfacial behavior of the precur- 
sors. Duraivel et al. present a 
method to 3D print precise, free- 
standing, highly detailed objects 
out of silicone-based materials 
by using densely packed emul- 
sions surrounded by a silicone 
oil continuous phase as the 
support material. This technique 
allows for precise control over the 
interfacial tension between the 
support material and the printing 
fluid. The authors demonstrated 
that they could print features 
as small as four micrometers, 
as well as mechanically robust, 
thin-walled, accurate models of 
human vasculature. -MSL 
Science, ade444], this issue p. 1248 


NEUROIMMUNOLOGY 
Anaphylaxis brings 

on a chill 

A prominent symptom of 
immunoglobulin E (lgE)— 
induced anaphylaxis in rodents 
is a profound drop in the core 
body temperature. Bao et al. 
used mouse models to explore 
the role of neural pathways in 
connecting antigen-induced 
cross-linking of IgE receptors 
on mast cells and subsequent 
mast cell degranulation in the 
development of hypothermia. 
They discovered that chymase, 
a mast cell-derived protease, 
activated heat-sensitive TRPV1* 
neurons through the PARI recep- 
tor, triggering a neural circuit 
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that rapidly led to reduced heat 
generation by brown adipose 
tissue. These findings identify 
heat-sensing neurons as key 
contributors to the manifesta- 
tions of anaphylaxis and suggest 
potential therapeutic targets 
for additional treatments aimed 
at reversing life-threatening 
symptoms associated with ana- 
phylaxis. —IRW 

Sci. Immunol. 8, eadc9417 (2023). 


FERROELECTRICS 
A polarizing thin film 


Shrinking the footprint of 
electronics may require com- 
ing up with ferroelectrics that 
retain their properties down 
to nanometer-thickness films. 
Yang et al. add to a growing list 
of materials that retain ferro- 
electricity at these small length 
scales. The authors found a 
ferroelectric bismuth oxide 
structure that they stabilized 
with a small amount of samar- 
ium substitution. When coated 
ona substrate, the ferroelectric 
behavior persists down to one 
nanometer. The relatively high 
polarization makes these films 
good candidates for a variety of 
applications. —BG 

Science, abm5134, this issue p. 1218 


VENUS 
Signs of volcanic activity 
on Venus 


Numerous volcanoes have been 
identified on the surface of Venus, 
but none has been observed 
to erupt, so it has been unclear 
whether volcanic activity has 
ceased. Herrick and Hensley 
examined locations on Venus that 
were observed two or three times 
by the radar instrument on the 
Magellan spacecraft when it was 
searching for changes between 
the images caused by ongoing 
volcanic activity. The authors 
identified a volcanic vent that 
enlarged and changed shape in 
the 8-month gap between two 
radar images and a possible lava 
flow running downhill from the 
vent. The results are interpreted 
as active volcanism on Venus. 
—KTS 

Science, abm7735, this issue p. 1205 
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Growing ina 

glacier’s wake 

Glaciers are retreating world- 
wide, leaving behind inorganic 
sediments that support new, 
rapidly changing ecosys- 
tems. These glacial forelands 
are constantly eroded by 
water and wind until they are 
eventually stabilized by veg- 
etation. Eichel et al. compared 
patterns of disturbance and 
vegetation across two glacial 
forelands in New Zealand and 
Switzerland. In both locations, 
the intensity of disturbances 
decreased substantially when 
plant cover reached about 
40%, a point at which increas- 
ing growth of shrubs stabilizes 
the soil. Similar plant traits 
allow species to establish and 
stabilize glacial substrates in 
the two disparate locations, 
which indicates that plant 
succession in postglacial 


ecosystems follows predictable 
patterns. —BEL 
Ecosphere (2023) 
10.1002/ecs2.4404. 


IMMUNOLOGY 
Monocytes fade fast? 


Changes in diet can affect where 
immune cells are distributed 

in the body. This, in turn, can 
substantially influence how the 
immune system responds to 
pathogens and cancer. Janssen 
et al. report that when mice 

are made to fast for 24 hours, 
immune cells called monocytes 
transit from the circulation 
back to the bone marrow. 
Fasting prompts the release of 
corticosterone by the hypotha- 
lamic—pituitary—adrenal (HPA) 
axis, which causes monocytes 
to up-regulate the chemokine 
receptor CXCR4 and leave the 
blood. When mice refeed, the 
previously sequestered mono- 
cytes from the bone marrow 
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NANOMATERIALS 
MXenes without MAX 
phases 


Two-dimensional metal carbides 
and nitrides, or MXenes, have 
several potential applications 
in energy storage and electron- 
ics. They are usually made by 
delamination of a layered parent 
compound, a MAX phase, in a 
harsh etching step. Wang et al. 
synthesized one of the most 
widely used MXenes, Ti,CCI., 
as well as MXenes not available 
from MAX phases, using chemi- 
cal vapor deposition (see the 
Perspective by Robertson and 
Tolbert). The reaction of meth- 
ane and titanium tetrachloride 
on a titanium surface led to the 
growth of Ti,CCl, sheets perpen- 
dicular to the metal. Under some 
growth conditions, the sheets 
could buckle off the surface to 
form vesicles.—PDS 

Science, add9204, this issue p. 1242; 

see also ade9914, p. 1189 


NEUROLOGICAL DISEASE 
ASOs for Angelman 
syndrome 


Angelman syndrome is a neuro- 
developmental disorder caused 
by mutations in the maternally 
inherited allele of the ubiquitin- 
protein ligase E3A (UBE3A) gene. 
In the central nervous system, 
the paternal allele of UBE3A is 
imprinted by the UBE3A anti- 
sense (UBE3A-AS) transcript, 
and reactivation of paternal 
UBE3A expression has been sug- 
gested as a potential treatment 
for the disease. Dindot et al. 
developed antisense oligonucle- 
otides (ASOs) that specifically 
target evolutionarily conserved 
sequences at the start of the 
UBE3A-AS transcript to repress 
transcription, leading to reac- 
tivation of the paternal UBE3A 
allele in vitro and in cynomolgus 
monkeys. Based on these find- 
ings, a Clinical trial testing these 
ASOs in patients with Angelman 
syndrome is underway. —MN 

Sci. Transl. Med. 15, eabf4077 (2023). 
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IMMUNOLOGY 
Glucocorticoids calm 
cytokine storms 


T cell-stimulating therapies can 
inadvertently induce a cytokine 
storm, a rapid, systemic release 
of proinflammatory cytokines 
that can cause tissue damage 
and death. Guo et al. investi- 
gated mechanisms underlying 
lethal immunotherapy-induced 
cytokine storms. The systemic 
release of cytokines occurred in 
mice treated with CD3 antibod- 
ies However, mice unable to 
release glucocorticoids through 
the adrenal stress response 
failed to resolve cytokine pro- 
duction and showed increased 
mortality, which was rescued by 
the administration of low-dose 
glucocorticoids before antibody 
therapy. —LKF 

Sci. Signal. 16, eadd4900 (2023). 


PLANT SCIENCE 


Growth on alkaline soils 
Alkaline soils limit the ability of 
plants to take in nutrients and 
manage salt stress. Zhang et 
al. have now identified a locus 
in sorghum that determines 
sensitivity to salty alkaline soils. 
The Alkali Tolerance 1 (AT1) locus 
encodes a guanine nucleotide— 
binding protein gamma subunit 
that regulates the phosphoryla- 
tion of aquaporins, channels 
that can transport hydrogen 
peroxide to alleviate oxidative 
stress. Crops that could better 
manage growth on alkaline soils 
could open up agriculture to the 
millions of hectares of alkaline 
soils. —PJH 

Science, ade8416, this issue p. 1204 


COMPARATIVE EMOTION 
Fundamentals of empathy 


Emotional contagion, in which 
individuals display fear or 
distress behaviors in response 
to observations of the same 

in another, is considered a 
basal form of empathy and 

is known to occur in fishes. 
Akinrinade et al. have shown 


that the neuropeptide oxy- 
tocin is responsible for these 
behaviors in zebrafish, as it is in 
mammals (see the Perspective 
by DeAngelis and Hofmann). 
They also found that the same 
regions of the brain are involved 
in zebrafish and in mammals. 
Such homologies in emotional 
response mechanisms across 
fishes and mammals suggest 
that this most basal form of 
empathy could have evolved 
many, many millions of years 
ago. —SNV 

Science, abq5158, this issue p. 1232; 

see also adhO769, p. 1186 


PLANT SCIENCE 
Adjuvants derived from 
the soapbark tree 


Saponins, a type of plant-derived 
glycoside, are useful in formula- 
tions including soaps, medicines, 
and root beer foam. Reed et al. 
studied how the Chilean soap- 
bark tree (Quillaja saponaria) 
makes its saponins, which lend 
immunostimulatory activity 
to vaccines against shingles, 
malaria, and COVID-19 (see the 
Perspective by Chubatsu Nunes 
and Dang). The saponins are 
currently extracted from the 
tree's bark. The identification 
of enzymes in the biosynthetic 
pathway opens doors to the 
more sustainable production 
of these useful adjuvants and 
opportunities to engineer new 
adjuvants. —PJH 

Science, adf3727, this issue p. 1252; 

see also adg8823, p. 1187 
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design the 2D patterns allow 
for control of the final poros- 
ity. A wide range of examples is 
provided, including changes in 
the sign of the curvature. These 
structures can be fabricated from 
silicon, metals, chitosan, and 
polymers. —MSL 

Science, adf3824, this issue p.1225 


3D PRINTING 
Overcoming challenges 
with silicone 


Silicone elastomers are used 
in a wide range of applications 
because of their resistance to 
heat, moisture, and chemical 
agents. However, three-dimen- 
sional (3D) printing with silicone 
is challenging because of the 
interfacial behavior of the precur- 
sors. Duraivel et al. present a 
method to 3D print precise, free- 
standing, highly detailed objects 
out of silicone-based materials 
by using densely packed emul- 
sions surrounded by a silicone 
oil continuous phase as the 
support material. This technique 
allows for precise control over the 
interfacial tension between the 
support material and the printing 
fluid. The authors demonstrated 
that they could print features 
as small as four micrometers, 
as well as mechanically robust, 
thin-walled, accurate models of 
human vasculature. -MSL 
Science, ade444], this issue p. 1248 


NEUROIMMUNOLOGY 
Anaphylaxis brings 

on a chill 

A prominent symptom of 
immunoglobulin E (lgE)— 
induced anaphylaxis in rodents 
is a profound drop in the core 
body temperature. Bao et al. 
used mouse models to explore 
the role of neural pathways in 
connecting antigen-induced 
cross-linking of IgE receptors 
on mast cells and subsequent 
mast cell degranulation in the 
development of hypothermia. 
They discovered that chymase, 
a mast cell-derived protease, 
activated heat-sensitive TRPV1* 
neurons through the PARI recep- 
tor, triggering a neural circuit 
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that rapidly led to reduced heat 
generation by brown adipose 
tissue. These findings identify 
heat-sensing neurons as key 
contributors to the manifesta- 
tions of anaphylaxis and suggest 
potential therapeutic targets 
for additional treatments aimed 
at reversing life-threatening 
symptoms associated with ana- 
phylaxis. —IRW 

Sci. Immunol. 8, eadc9417 (2023). 


FERROELECTRICS 
A polarizing thin film 


Shrinking the footprint of 
electronics may require com- 
ing up with ferroelectrics that 
retain their properties down 
to nanometer-thickness films. 
Yang et al. add to a growing list 
of materials that retain ferro- 
electricity at these small length 
scales. The authors found a 
ferroelectric bismuth oxide 
structure that they stabilized 
with a small amount of samar- 
ium substitution. When coated 
ona substrate, the ferroelectric 
behavior persists down to one 
nanometer. The relatively high 
polarization makes these films 
good candidates for a variety of 
applications. —BG 

Science, abm5134, this issue p. 1218 


VENUS 
Signs of volcanic activity 
on Venus 


Numerous volcanoes have been 
identified on the surface of Venus, 
but none has been observed 
to erupt, so it has been unclear 
whether volcanic activity has 
ceased. Herrick and Hensley 
examined locations on Venus that 
were observed two or three times 
by the radar instrument on the 
Magellan spacecraft when it was 
searching for changes between 
the images caused by ongoing 
volcanic activity. The authors 
identified a volcanic vent that 
enlarged and changed shape in 
the 8-month gap between two 
radar images and a possible lava 
flow running downhill from the 
vent. The results are interpreted 
as active volcanism on Venus. 
—KTS 

Science, abm7735, this issue p. 1205 
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ECOLOGY 

Growing ina 

glacier’s wake 

Glaciers are retreating world- 
wide, leaving behind inorganic 
sediments that support new, 
rapidly changing ecosys- 
tems. These glacial forelands 
are constantly eroded by 
water and wind until they are 
eventually stabilized by veg- 
etation. Eichel et al. compared 
patterns of disturbance and 
vegetation across two glacial 
forelands in New Zealand and 
Switzerland. In both locations, 
the intensity of disturbances 
decreased substantially when 
plant cover reached about 
40%, a point at which increas- 
ing growth of shrubs stabilizes 
the soil. Similar plant traits 
allow species to establish and 
stabilize glacial substrates in 
the two disparate locations, 
which indicates that plant 
succession in postglacial 


ecosystems follows predictable 
patterns. —BEL 
Ecosphere (2023) 
10.1002/ecs2.4404. 


IMMUNOLOGY 
Monocytes fade fast? 


Changes in diet can affect where 
immune cells are distributed 

in the body. This, in turn, can 
substantially influence how the 
immune system responds to 
pathogens and cancer. Janssen 
et al. report that when mice 

are made to fast for 24 hours, 
immune cells called monocytes 
transit from the circulation 
back to the bone marrow. 
Fasting prompts the release of 
corticosterone by the hypotha- 
lamic—pituitary—adrenal (HPA) 
axis, which causes monocytes 
to up-regulate the chemokine 
receptor CXCR4 and leave the 
blood. When mice refeed, the 
previously sequestered mono- 
cytes from the bone marrow 
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return to the circulation but 
are chronologically older and 
have a distinctive transcrip- 
tional footprint. Repeated 
bouts of fasting and refeeding 
enhance murine susceptibility 
to infection by Pseudomonas 
aeruginosa, indicating that the 
presence of this altered mono- 
cyte pool may have negative 
consequences for host defense. 
—STS 
Immunity (2023) 
10.1016/}.immuni.2023.01.024. 


EDUCATION 
Weeding out inequity 


STEM has long been defined 

by large and academically chal- 
lenging introductory courses, 
and these perceived “weed-out” 
courses are often a source of 
inequity. Hatfield et al. aimed 

to quantify these inequities by 
using a large, multi-institutional 
database to examine how 
students’ race and ethnicity, 
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PLANT EVOLUTION 
A study in daisies 


any deserts are geologically 
young. Studying organisms 
from these biomes can reveal 
whether species colonize new 
ecological niches because they 
are “pre-adapted” to similar environ- 
ments or because they rapidly acquire 
new genetic capacities. Lichter-Marck 
and Baldwin captured DNA from 73 spe- 
cies of rock daisies (Perityleae), which 
are endemic to North American deserts, 
and performed phylogenetic analyses 
to find out when desert adaptations 
occurred. Many of these species had 
likely specialized to grow on desert-like 
microenvironments within other biomes, 
such as rocky outcrops in forests. Such 
characteristics apparently allow these 
species to survive desertification and 
therefore to adopt new niches without 
evolutionary modification. -CNS 


Proc. Natl. Acad. Sci. U. S.A. (2023) 
10.1073/pnas.2214729120. 


Rock daisies prefer to colonize dry, rugged 
environments, even in forest biomes, 
which has allowed this tribe of plants to 
readily adapt to desert conditions. 


sex, and number of D's, F's, and/ 
or course withdrawals (DFWs) 
in introductory courses affected 
their path to a STEM degree. The 
association between DFWs in 
an introductory STEM class and 
failure to obtain a STEM degree 
was found to be stronger for his- 
torically marginalized students. 
As an example, the probability 
of obtaining a STEM degree 
for a white male student who 
received grades of C or better 
in all introductory courses was 
48%. For an otherwise similar 
historically marginalized female 
student, the probability dropped 
to 35%. —MMc 
PNAS Nexus (2022) 
10.1093/pnasnexus/pgacl167. 


ELECTROCHEMISTRY 
Lewis adducts at 


electrodes 


The strength of Lewis adducts 
can be affected by redox 


conditions. Menachekanian 
et al. used Raman spectros- 
copy and density functional 
theory to explore the bonding 
between the N atom of the 
Lewis base mercaptopyridine 
adsorbed on a gold electrode 
with the B atom of Lewis base 
boron trifluoride (BF,) with 
or without LiBF,,in solution. 
The N-B bond was stable 
at positive potentials but 
cleaved at negative potentials 
(about —0.3 volts) without 
electron transfer current. This 
result was the opposite of 
that predicted for an elec- 
troinductive effect. However, 
it was consistent with the 
formation of ionic structures 
in which Li* stabilized the 
adduct at positive potentials 
but displaced BF, at negative 
potentials to form part of a 
halogen-bridged [B,F,]”- com- 
plex. —PDS 

J.Am. Chem. Soc. (2023) 

10.1021/jacs.2c12370. 


SOCIAL LEARNING 
Social learning in 
eusocial insects 


The majority of eusocial female 
insects forgo reproduction 
to work in various supportive 
roles within the colony. This 
complexity of organization 
and behavior has generally 
been believed to be innate, 
meaning that it is genetically 
controlled and inherited rather 
than learned. However, eusocial 
insects can and do learn. For 
example, bumble bees learn 
to control and manipulate 
objects, and honeybees learn 
their classic waggle dance by 
watching others. Adding yet 
more complexity, Bridges et 
al. show that bumble bees 
learn to follow trained bees in 
opening a sugar-laden puzzle 
box. The bees’ patterns of 
learning and preference for the 
demonstrator bees’ methods 
are consistent with cultural 
transmission seen in primates 
and birds. -SNV 
PLOS Biol. (2023) 
10.1371/journal.pbio.3002019. 


MATERIALS SCIENCE 
Bulk, room-temperature, 
mixed conductors 


It is challenging to develop 
materials that allow for efficient 
electronic and ionic conduc- 
tion, particularly at room 
temperature, and there is a 
lack of understanding about 
how activating one mode of 
conduction might affect the 
other. Quill et al. combined an 
organic semiconductor with 
an ionic liquid to form a mixed 
conductor. The organic polymer 
crystallizes such that the back- 
bone conducts electrons while 
the ordered side chains provide 
pathways for ionic conduction. 
They also used a combination 
of x-ray scattering and spec- 
troscopy to track the behavior 
in situ and were thus able to 
observe how the addition of 
charge carriers modifies the 
side chain organization, thereby 
enhancing transport. —-MSL 
Nat. Mater. (2023) 
10.1038/s41563-023-01476-6. 
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A Gy protein regulates alkaline sensitivity in crops 
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INTRODUCTION: According to the Food and 
Agriculture Organization (FAO), there are 
currently >1 billion ha of land affected by salt. 
Among these, ~60% are classified as sodic soil 
areas. These have high pH and are dominated 
by sodium bicarbonate (NaHCO3) and sodium 
carbonate (Na,COs). The effects of global warm- 
ing and a lack of fresh water will lead to >50% 
of arable land becoming affected by salt by 
2050, thus severely affecting the world’s food 
security. Identifying and/or engineering sodic- 
tolerant crops is imperative to solve this chal- 
lenge. Although salinity tolerance has been 
studied extensively, alkalinity tolerance in 
plants has not been studied in depth. 


RATIONALE: Sorghum originates from Africa, 
where it can grow in harsh environments. As a 
result, sorghum has evolved greater tolerance 
to adapt to multiple abiotic stresses compared 
with other crops. Some sorghum varieties can 
survive in sodic soil with a pH as high as 10.0. 
A genome-wide association study (GWAS) anal- 
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Plasma membrane 


Oxidative stress 
and cell death 


ysis was performed with a large sorghum asso- 
ciation panel consisting of 352 representative 
sorghum accessions. We detected a major locus, 
Alkaline tolerance 1 (ATI), linked to alkaline 
tolerance. We found that ATI, encoding an 
atypical G protein y subunit (a homolog to rice 
GS3), contributes to alkaline sensitivity by mod- 
ulating the efflux of hydrogen peroxide (H2O.) 
under environmental stress. 


RESULTS: On the basis of the results of the 
GWAS analysis, we sequenced the cDNA re- 
gions of SbDATI (Sorghum bicolor ATI) in 37 
sorghum accessions with different degrees of 
alkaline sensitivity. Two typical haplotypes 
(Hap1 and Hap2) of SbATI were identified 
according to the five leading variant sites as- 
sociated with sorghum alkali sensitivity. Hap1 
encodes an intact SbAT1. A frame shift muta- 
tion (from “G” to “GGTGGC”) within Hap2 
results in a premature stop codon probably 
encoding a truncated protein with only 136 
amino acids at the N terminus (named Sbati). 


| Higher yield 


Rice Sorghum Millet Maize 


Higher survival 
rates and yield 


Genetic modification of AT1 enhances alkaline stress tolerance. The Gy subunit, AT1, pairs with GB to 
negatively modulate the phosphorylation level of PIP2 aquaporins. Thus, AT1 reduces the H202 export 
activity of PIP2s, leading to the overaccumulation of H202 and resulting in alkaline stress sensitivity. By 
contrast, the artificial or natural knockouts of AT1 homologs release the inhibition of PIP2s by AT1 in crops 
and have improved survival rates and yield under alkaline stress. [Figure created using BioRender] 
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To confirm the function of the AT7 locus, we 
generated a pair of near-isogenic lines (NILs) 
with two AT7 haplotypes to assess the allelic 
effect of ATI on sorghum tolerance to alkali. 
We found that the Sbati allele (Hap2), en- 
coding a truncated form of SbAT1, increased 
plant alkaline sensitivity compared with wild- 
type full-length SbATI (Hap1). Overexpres- 
sion of ATI/GS3 reduced alkaline tolerance in 
sorghum and rice, and overexpression of the 
C-terminal truncated AT1/GS3 showed a more 
severe alkaline sensitive response. This was 
confirmed in millet and rice, which suggests 
that AT1/GS3 functions negatively in plant al- 
kali tolerance. By contrast, knockout (ko) of 
ATI/GS3 increased tolerance to alkaline stress 
in sorghum, millet, rice, and maize, which indi- 
cates a conserved pathway in monocot crops. 

By immunoprecipitation in combination 
with mass spectrometry (IP-MS), we found that 
AT1/GS3 interacts with aquaporin PIP2s that 
are involved in reactive oxygen species (ROS) 
homeostasis. Genetic analysis showed that 
OsPIP2;1°°/2;2"° had lower alkaline tolerance 
than their wild-type control. The redox probe 
Cyto-roGFP2-Orp1 sensing HO, in the cyto- 
plasm was applied. The results showed that, 
upon alkaline treatment, the relative H,O, level 
increased in OsPIP2;1°°/2;2"° compared with 
wild-type plants. These results suggested that 
the phosphorylation of aquaporins could mod- 
ulate the efflux of H,O.. Gy negatively regu- 
lates the phosphorylation of PIP2;1, leading to 
elevated ROS levels in plants under alkaline 
stress. To assess the application of the ATI/ 
GS3 gene for crop production, field tests were 
carried out. We found that the nonfunctional 
mutant, either obtained from natural vari- 
eties or generated by gene editing in several 
monocots, including sorghum, millet, rice, and 
maize, can improve the field performance of 
crops in terms of biomass or grain production 
when cultivated on sodic lands. 


CONCLUSION: We concluded that SbATI encodes 
an atypical G protein y subunit and inhibits the 
phosphorylation of aquaporins that may be used 
as H.Oz exporters under alkaline stress. With 
this knowledge, genetically engineered crops 
with knockouts of AT7 homologs or use of nat- 
ural nonfunctional alleles could greatly improve 
crop yield in sodic lands. This may contribute 
to maximizing the use of global sodic lands to 
ensure food security. ® 
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The use of alkaline salt lands for crop production is hindered by a scarcity of knowledge and breeding 
efforts for plant alkaline tolerance. Through genome association analysis of sorghum, a naturally 
high-alkaline—-tolerant crop, we detected a major locus, Alkaline Tolerance 1 (AT1), specifically related 
to alkaline-salinity sensitivity. An at1 allele with a carboxyl-terminal truncation increased sensitivity, 
whereas knockout of ATI increased tolerance to alkalinity in sorghum, millet, rice, and maize. AT1 
encodes an atypical G protein y subunit that affects the phosphorylation of aquaporins to modulate the 
distribution of hydrogen peroxide (H202), These processes appear to protect plants against oxidative 
stress by alkali. Designing knockouts of AT1 homologs or selecting its natural nonfunctional alleles could 


improve crop productivity in sodic lands. 


ood security is affected by the growth 

of human populations worldwide and 

the potential negative impacts of cli- 

mate change on agricultural production. 

Weather patterns resulting from global 
warming may limit fresh water availability. In 
the near future, saline soils are estimated to 
increase in ~50% of irrigated lands as a result 
of the application of chemical fertilizers (7). 
Consequently, soil salinity may become a global 
problem affecting plant growth and crop pro- 
duction. Use of these saline lands for crop pro- 
duction could help meet future food demands. 
Therefore, breeding more salinity-tolerant 
crops will likely be prioritized in the future 
of agriculture. 
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On the basis of research by the Food and 
Agriculture Organization (FAO) of the United 
Nations (in 2015; https://www.fao.org/3/i5199e/ 
i5199e.pdf), there are >1 billion ha of land af- 
fected by salt, and ~60% of the estimated area 
was classified as sodic [land with a high pH 
because of high alkali contents dominated by 
sodium bicarbonate (NaHCOs) and sodium 
carbonate (Na,CO3)]. About 25 to 33% of the 
irrigated land worldwide is affected by sec- 
ondary salinity (2). In analyzing publications 
from the past 20 years on Web of Science 
(https://www.webofscience.com/), we discov- 
ered that the number of published studies 
relevant to salt tolerance was up to 22,614 
compared with only 457 for alkalinity toler- 
ance. Because of insufficient knowledge about 
alkaline stress, technological development to 
increase crop production in saline-alkali soil 
has been limited. Different from neutral salin- 
ity (pH of ~7) with only ion toxicity, high pH in 
alkaline saline soil reduces the uptake rates of 
essential nutrients and sodium ion (Na*) exclu- 
sion. This leads to more negative consequences 
on plant growth by inducing high cellular oxi- 
dative stress compared with salinity alone (3). 
Sorghum is currently the fifth main food crop 
in the world. It originates from Africa’s harsh 
environments and has evolved a greater ability 
to adapt to some abiotic stresses compared 
with other crops. Thus, it is considered a useful 
resource for the discovery of mechanisms and 
genetic resources to improve crop responses 
to environmental stress, including alkaline 
stress (4). 

High alkalinity boosts hydrogen peroxide 
(H,0z) levels in cells and causes oxidative dam- 
age to cellular proteins, lipids, and DNA, which 
results in apoptosis (5-7). Aquaporins (AQPs) 
are conserved from prokaryotes to eukaryotes. 
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They are tetrameric, membrane-bound chan- 
nels known to facilitate bidirectional transport 
of water and other small solutes across cell 
membranes. Researchers have reported that 
several members of the aquaporin superfamily 
in various organisms can also transport the 
redox signaling compound, H,O,, to facilitate 
the fine adjustment of HO, levels in the cyto- 
plasm (8). Tong et al. (9) found that aquaporins 
from Streptococcus acted as peroxiporins for 
the efflux of intracellular H2O, to alleviate oxi- 
dative stress. A study on the mammalian lens 
aquaporin, AQP5, showed that under hyper- 
glycemic stress conditions with a higher level 
of intracellular H2O.2, AQP5 facilitated HO. 
efflux from cells to maintain balance and ho- 
meostasis of H2O, levels (70). In plants, aqua- 
porins are involved in different stress defenses, 
and their phosphorylation plays an essential 
role in their transport activity (71, 12). How- 
ever, how crops sense alkaline stress and how 
the subsequent signaling affects H,O, trans- 
port has yet to be explored. 

Membrane-bound G proteins are conserved 
across the eukaryotic kingdom. They are hetero- 
trimeric proteins bound to guanine nucleotides 
and consist of three subunits—G protein alpha 
(Ga), beta (GB), and gamma (Gy). They play di- 
verse roles in development and environmental 
interactions throughout an organism’s life 
cycle. There are large numbers of diverse G 
protein y subunits in plants with functions in 
different aspects of signal perception, transduc- 
tion, and regulation of downstream effectors 
(73). Although G protein signaling pathways 
are well studied in mammals, the underlying 
mechanisms associated with G protein y sub- 
units in plants, especially in abiotic stress sig- 
naling, remain unclear. 

In this work, we discovered Alkaline Toler- 
ance 1 (ATI, which encodes an atypical G pro- 
tein y subunit) showing alkaline tolerance in 
sorghum by genome-wide association study 
(GWAS) analysis. We reveal a conserved mech- 
anism in which the G protein y subunit mod- 
ulates the phosphorylation of aquaporins to 
regulate reactive oxygen species (ROS) levels 
to maintain H.O»2 homeostasis. This forms 
part of the plant protective response against 
oxidative stress caused by alkaline conditions. 
On the basis of this knowledge, we genetically 
edited the homologous gene of AT7 in other 
crops to increase rice, maize, and millet alka- 
line tolerance in saline-alkali soils. 


The AT1 locus is linked to alkaline tolerance 


Sorghum has a specific tolerance to sodic soil, 
and some varieties can survive in a pH as high 
as 10.0 (14, 15). To mimic the various saline- 
alkali conditions that may be found in saline- 
sodic soils in the field, we first tested different 
concentrations of mixtures of two alkali salts 
(NaHCO; and Na,CO3) and measured their 
effects on the survival rates of sorghum seedlings. 
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A mixture of alkali salts was used because it 
should produce a relatively stable pH range 
throughout various treatment periods. Differ- 
ent time periods of treatments were used on 
16 selected sorghum accessions based on seed 
availability (table S1). Analysis of relative sur- 
vival rates (a ratio of the survival rate under 
stress treatment to that without stress treat- 
ment) showed that after 21 days of treatment, 
the concentration of 75 mM mixed alkali salts 
(62.5 mM NaHCO; and 12.5 mM Na,CO3; pH = 
9.2 to 9.4) showed the widest range in variation 
of rates and was the most reliable treatment to 
evaluate alkaline tolerance in sorghum (fig. S1, 
A to C). We then evaluated relative survival 
rates from a large sorghum association panel 
consisting of 352 representative sorghum ac- 
cessions, and we observed that ~22% of the 
sorghum accessions exhibited high tolerance 
to alkali conditions with relative survival rates 
reaching >80%, whereas ~13% of sorghum ac- 
cessions showed high sensitivity to alkalinity 
with relative survival rate no more than 20%. 
The frequency distribution in relative survival 
rate phenotypes of our sorghum population 
indicated that relative survival rate might be 
a useful index for genetic association analysis 
(fig. S1, D and E). 

Using the above relative survival rate phe- 
notypic data and a single-nucleotide polymor- 
phism (SNP) genotype dataset for this panel, 
we performed a GWAS and identified two 
major loci (P < 1.0 x 10~°) linked with alkaline 
tolerance, both of which were located on the 
long arm of chromosome 1 (Fig. 1A and fig. S1F). 
We found a leading SNP (S7_55779338) located 
inside the annotated gene Sobic.001G341700, 
which was named Alkaline Tolerance 1 (SbATI) 
(Fig. 1B). SbAT/ is predicted to encode an 
atypical G protein y subunit of 198 amino acids 
in length, which includes a Gy-like domain in 
the N terminus and a cysteine-rich domain in 
the C terminus. SbAT1 shares 55.56% protein 
sequence identity with OsGS3 in rice (16) and 
82.30% protein sequence identity with ZmGS3 
(17) in maize. To verify whether the sequence 
polymorphisms of SbATI were correlated with 
alkaline tolerance in sorghum, we sequenced 
the cDNA region of SbAT7 in 37 sorghum acces- 
sions with different degrees of alkaline stress 
tolerance. A total of 29 sequence variation sites 
were found, and five of them showed strong 
association signals (P = 1.0 x 10°? to 1.0 x 107°) 
between the natural variations and relative 
survival rates in the 75 mM alkali treatment. 
Linkage disequilibrium (LD) analysis also in- 
dicated that the five leading association sig- 
nals (positioned at +3863, +4151, +4157, +4438, 
and +4463) were attributable to high LD val- 
ues [coefficient of determination (R’) > 0.9] 
(Fig. 1C). 

On the basis of sequence variations of the 
five leading sites, the selected 37 sorghum 
accessions from other stock (table S1) were 
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Fig. 1. Natural variation in SbAT1 is associated with alkaline tolerance in sorghum. (A) Manhattan plot from 
a GWAS of alkaline tolerance in the natural sorghum association panel population. Relative survival rates were 
obtained from plants grown in conditions with (alkaline stress) or without (no-stress control) the addition of a 
75 mM concentration of mixed alkali salts on the 21st day after seed sowing. The arrow identifies the major locus 
of SbATI. (B) Scatter plot of the SbATI locus flanked by an ~10-Mb genome region on chromosome 1. (€) SbATI- 
based association mapping between the detected 29 sequence variations in the genic region of SbATI and 
alkali tolerance among 37 sequenced sorghum accessions. LD analysis between the 29 causal sites indicates 
the linkage association signals. The five leading variant sites (red dots) show strong association signals with strong 
LD and are highlighted by black lines. (D) Two typical haplotypes (Hapl and Hap2) of SbATI were detected 
based on the five leading variant sites. A frame shift mutation (from “G" to “GGTGGC”) within Hap2 is highlighted 
in red. (E) Relative survival rates of 20 sorghum accessions in Hap and 17 sorghum accessions in Hap2 subjected 
to alkaline stress (75 mM mixed alkali). Statistical P values were determined by two-tailed unpaired t test. 

(F) Relative expression levels of AT1 in alkaline stress-tolerant (T) and -sensitive (S) lines (n = 8) after 5 and 

8 days of stress in the 75 mM alkali treatment and the corresponding controls (CK). Statistical significance was 
determined by one-way ANOVA with Tukey's multiple comparisons test. NS, not significant. 
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classified into two typical haplotypes (Hap1 
and Hap2) of SbATT. Notably, compared with 
Hap! [wild-type (WT)], we identified a frame- 
shift mutation of a 5-base pair (bp) (GTGGC) 
insertion in the fifth exon of SbAT] (Fig. 1D), 
which resulted in a premature stop codon in 
Hap2 probably encoding a truncated protein 
with only 136 amino acids at the N terminus 
(named Sbati). Furthermore, we observed that 
the sorghum accessions with Hap1 had much 
higher relative survival rates than those with 
Hap2 under the alkali treatment (P = 2.43 x 
101°) (Fig. 1E). Consistent with the finding 
that no strong association signals were found 
in the 5’ untranslated region (5'UTR) of SbAT1, 
we were able to confirm that haplotype-based 
variation was not associated with SbAT/ expres- 
sion levels on the basis of RNA levels obtained 
after 5 or 8 days of alkaline treatment (Fig. 1F). 
These data suggest that the alkali-sensitive 
and -tolerant phenotypes in the two SbATI 
haplotypes are independent of the transcrip- 
tional levels of SbAT7 and its variants but are 
instead due to the mutations leading to the 
protein changes inside the coding region. 


The role of AT1 in alkaline tolerance 


To assess the allelic effect of AT7 on sorghum 
tolerance to alkali, we selected a pair of near- 
isogenic lines (NILs) with two AT/ haplotypes 
in the Fy generation from our laboratory stock 
for breeding program (8). NILs were derived 
from across between two sorghum germplasms, 
SNO10 and M-81E. SNO10 was of the haplotype 
Hap! (containing wild-type SbAT7) and showed 
higher alkaline tolerance than M-81E of the 
haplotype Hap2 (SbatI mutant) according to 
our survival rate and plant height data (Fig. 2A 
and fig. S2, A to C). We treated the two NILs 
with 75 mM alkaline salt. NIL-SbAT7 exhibited 
56.1% higher relative survival rate and better 
growth than NIL-Sbati under alkaline treat- 
ment, whereas the two NILs showed no signif- 
icant difference when planted in neutral-pH 
soil (Fig. 2, B and C). The treatment with 75 mM 
mixed alkali salts imposed not only alkaline 
stress but also Na* stress on plants. To differ- 
entiate whether the SbDAT7-related stress phe- 
notype was caused by high pH or high Na* 
stress alone, we performed treatments sim- 
ilar to the alkaline treatments but with NaCl at 
75-, 100-, 150-, and 200-mM concentrations and 
all soils at a neutral pH level. We found that 
both NILs were sensitive to high NaCl and 
there were only slight differences in stress 
responses between NIL-SbAT7 and NIL1-Sbat1 
(fig. S2, D to F). This result indicates that the 
SDATI- and Sbatl-related stress phenotype is 
more likely an alkaline-specific response rather 
than a salt-stress response. 

To test this possibility, we generated addition- 
al transgenic sorghum plants in the Wheatland 
background (SOWT) containing an intact wild- 
type SDATI gene that was either overexpressed 
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Fig. 2. SbAT1 functions in alkaline tolerance in sorghum. (A) Schematic presentation of SbAT1 and its 
truncated protein Sbatl in sorghum NIL-SbAT1 and NIL-Sbat1 plants. (B) Phenotypic analysis of sorghum 
NIL seedlings under alkaline stress. Seeds were sown in soil without (control, CK) or with 75 mM mixed alkali. 
Photographs were taken on the 14th day after seed sowing. Independent experiments were repeated 

three times. Scale bars, 5 cm. (C) Statistical analysis of the relative survival rates of seedlings in (B). Data are 
the means + SEMs (n = 36 plants for each repeat) of three biological replicates. Statistical significance 
was determined by two-tailed unpaired t test. (D) Schematic presentation of SbAT1 and its nonfunctional 
version in SbWT, SbATI-OE, and SbATI1" plants. SbWT is the Wheatland ecotype. (E) Representative 


seedlings of SbWT, SbATI- 


OE, and SbATI'° with or without 75 mM alkali stress treatment on the 14th day. 


Scale bars, 5 cm. (F) Statistical analysis of the relative survival rates of samples in (E). Data are the 
means + SEMs (n = 16 plants for each repeat) of four biological replicates. Statistical significance was 
determined by ordinary one-way ANOVA with Tukey's multiple comparisons test. 


or knocked out using gene-editing technology. 
The overexpression or knockout (ko) was con- 
firmed by quantitative reverse transcription 
polymerase chain reaction (RT-qPCR) or se- 
quence analysis (fig. S2G) (78). Unexpectedly, 
we found that overexpression of SbDATI (SbATI- 
OE) reduced tolerance, whereas plants with 
knockout of SbAT!I (SbAT: 1%?) showed greatly 
increased tolerance to alkalinity (Fig. 2, D to 
F, and fig. $2, H to J). SbATI-overexpressing 
plants had a 13.95% lower survival rate than 
Wheatland plants under 75 mM alkaline stress, 
whereas SbATI’? plants had a 17.93% higher 
survival rate than SOWT plants (Fig. 2F). The 
phenotype of the transgenic plants led us to 
reconsider the functionality of gene mutations 
in the SbATI C terminus of natural varieties 
(Fig. 1, C and D) and to consider that a trun- 
cated protein may play a negative role in al- 
kaline tolerance. To verify our speculation, we 
first transiently expressed the green fluores- 
cent protein (GFP) fusion proteins SbAT1- 
GFP and Sbat1-GFP in plant cells and found 
that the protein accumulated to high levels 
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(fig. S2K). This indicated that the mutated 
Sbati gene could be translated (8). 

To further investigate, we generated trans- 
genic plants to create a stop codon at the same 
position as sorghum ati by gene editing in 
millet to mimic the production of a potential 
C-terminal truncated SiATI’” protein. We 
also generated plants overexpressing SiATI’~* 
(SiATP#-OE) with a truncated C terminus and 
plants with StA77 knockout (SiATI") (Fig. 3A 
and fig. S3, A and B). We used millet in this 
experiment for multiple reasons: (i) there is 
easier and faster plant transformation for millet 
compared with sorghum, (ii) millet is a close 
relative of sorghum with high genome sim- 
ilarity and similar environmental physiology, 
and (iii) the single copy of SiAT1 shares a 
75.24% protein identity to SbAT1. Similar to 
the results with the transgenic sorghum, knock- 
out of the SiATI gene produced plants with 
greater tolerance to alkaline conditions, as 
observed in the higher survival rate com- 
pared with other genotypes (Fig. 3, B and C). 
By contrast, the transgenic millet with the 
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Fig. 3. The Gy-like subunits of AT1 homologs have a conserved function in alkaline tolerance in 
millet, rice, and maize. (A) Schematic presentation of millet SiAT1 and its truncated or nonfunctional 


versions in SiAT1 genetic plants. SIWT is the Ci846 ec 
or without 75 mM alkali stress on the 14th day. Scale 
survival rates of millet lines in (B). Data are the mean 


otype. (B) Representative SiAT1 genetic plants with 
bars, 5 cm. (€) Statistical analysis of the relative 
s + SEMs (n = 24 plants for each repeat) of 


three biological replicates. (D) Schematic presentation of rice OsGS3 and its truncated or nonfunctional 
versions in OsGS3 genetic plants. OsWT is the ZH11 ecotype. (E) Representative seedlings of OsGS3 genetic 
plants with or without 75 mM alkali stress on the 21st day after seed sowing. Scale bars, 5 cm. (F) Statistical 
analysis of the relative survival rate of rice lines in (E). Data are the means + SEMs (n = 36 plants for 


each repeat) of three biological replicates. In (C) and (F 


), statistical significance was determined by ordinary 


one-way ANOVA with Tukey's multiple comparisons test. Different letters above the bars indicate significantly 
different groups. (G) Schematic presentation of wild-type ZmGS3 in ZmWT maize and its nonfunctional 


versions in ZmGS3"° maize. ZmWT is the KN5585 eco 
ZmGS3 maize with or without 75 mM alkali stress tr 


ype. (H) Representative seedlings of ZmWT and 
eatment on the 14th day after seed sowing. Scale 


bar, 5 cm. (I) Statistical analysis of the relative survival rates of maize lines in (H) on the 50th day after 
seed sowing. Data are the means + SEMs (n = 16 plants for each repeat) of four biological replicates. 


Significant differences were determined by two-tailed 


C terminus truncated (SiAT?’””) and the mil- 
let overexpressing the C terminus truncated 
SiAT] (SiAT1’**-OE) showed reduced alkaline 
tolerance; SiATI’**-OE plants exhibited the 
weakest growth in response to alkalinity (Fig. 3, 
Band C, and fig. S3C). This result suggests that 
the C-terminal truncated protein can be ex- 
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unpaired t test. 


pressed in plants and that the increased amount 
of the C-terminal truncated protein had a 
negative effect on alkaline tolerance, whereas 
knockout of AT7 could positively affect alkaline 
tolerance in plants. Together with the AT7- 
overexpression phenotype in sorghum, we 
conclude that AT1 plays a negative role, and 
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atl mutation enhances this role in alkaline 
tolerance in both sorghum and millet. 


Similar roles of AT1 homologs in rice 
and maize 


We further investigated the response of AT1 
homologs in two other major monocot crops, 
rice and maize. The ATI ortholog in rice has 
been identified as OsGS3, a major quantita- 
tive trait locus (QTL) for grain size regulation 
(16, 19). We found that in alkaline soils (75 mM 
alkaline salt; pH 9.0 to 9.2), overexpression of 
intact OsGS3 (OsGS3-1OE) and a C-terminal 
truncated version (OsGS3-40E) exhibited re- 
duced alkaline tolerance, whereas rice with 
either a knockout (OsGs3”) or RNA inter- 
ference of OsGS3 (OsGS3R7) showed greater 
tolerance in terms of relative survival rate, 
plant growth measured in relative plant height, 
and relative chlorophyll content compared 
with the ZH11 wild type (OsWT) (Fig. 3, D to F, 
and fig. S3, D to F). Among the transgenic 
plants, OsGS3-I1OE and OsGS3-40E exhibited 
12.5 and 26.4% lower relative survival rates 
than OsWT, respectively, whereas OsGs3” and 
OsGS3Ri showed 8.3 and 7.4% higher relative 
survival rates than OsWT, respectively (Fig. 3F). 
These results demonstrated that inhibition of 
OsGS3 function in rice could enhance alkaline 
tolerance and suggested a conserved function 
of the Gy subunit. Moreover, by manipulating 
or selecting nonfunctioning alleles of OsGS3, 
we could enhance alkaline tolerance in rice. 
The maize ortholog of ATI was previously 
identified as ZmGS3 (17). We thus designate 
this gene as AT1/GS3, with a prefix to specify 
the species; AT7 and GS3 may also be sepa- 
rately or interchangeably used, depending 
on the context. We generated maize ZmGS3 
knockout (ZmGs3"”) lines through gene edit- 
ing in the maize line KN5585 (ZmWT). The 
maize Zm@s3”? plants had a 34-bp deletion 
and a base mutation occurring in the first exon 
of ZmGS3. These mutations resulted in a frame 
shift and early translational termination of 
the predicted protein (fig. S3G). Upon alkaline 
treatment, the knockout plants appeared to 
have enhanced alkaline tolerance, as indicated 
by growth performance at day 14 of cultiva- 
tion, compared with the wild type (Fig. 3, G 
and H, and fig. S3H). Differences in phenotypes 
were more marked after 50 days of treatment; 
almost all the wild-type seedlings died, whereas 
the ZmAT: V/|@s3° survived and continued to 
grow (Fig. 3I and fig. S31). This evidence sup- 
ports that ZmAT1/GS3” could also increase 
alkaline tolerance in maize, similar to what we 
observed in sorghum, millet, and rice. 


AT1/GS3 cooperates with aquaporins 


To further ascertain how AT1/GS3 regulates 
crop alkaline tolerance, we detected SbAT1- 
interacting proteins by immunoprecipita- 
tion in combination with mass spectrometry 
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(IP-MS). Glutathione S-transferase (GST)- 
SbATI was applied to bind proteins in alkaline- 
treated root samples, and then those bound 
proteins were released for further analysis. 
There were 386 proteins detected as candidates 
interacting with SbATI (table S2), including the 
guanine nucleotide-binding protein B subunit 
(GB subunit) (Fig. 4A), which supports the IP- 
MS result because it is well known that GB and 
Gy function together in a complex to regulate 
a wide range of biological processes (20-22). A 
number of aquaporins, especially the PIP2;1/2;2 
and PIP1;3/1;4 proteins, were found among the 
interacting proteins. Homologs of these aqua- 
porins have been reported to be involved in 
stress biology by regulating ROS homeosta- 
sis in both plants and mammals (12, 23). We 
confirmed the interactions of these proteins 
with both SbATI and Sbat1 by performing dif- 
ferent assays. The luciferase complementation 
imaging (LCI) assay data together with the 
coimmunoprecipitation (Co-IP) assay and pull- 
down assay all demonstrated their interactions 
both in vivo and in vitro (Fig. 4, A and B, and 
fig. S4, B and C). 

The rice aquaporin OsPIP2;1 shares high se- 
quence similarity with its sorghum counter- 


part, and we also confirmed the interaction 
between OsPIP2;1 and OsGS3 (fig. S4D). We 
thus examined the function of OsPIP2 in the 
alkaline stress response. To investigate the roles 
of OsPIP2;1 and its homolog OsPIP2;2, we gen- 
erated a double knockout mutant of OsPIP2;1 
and OsPIP2;2 using CRISPR-Cas9. Two inde- 
pendent T, homozygous lines with knockouts 
of both OsPIP2;1 and OsPIP2;2 (OsPIP2;1'°/ 
2;9"°_8-3 and OsPIP2;1"°/2;2"°-9-8) were se- 
lected for further analysis (fig. S4, E and F). 
As shown in Fig. 4, C and D, OsPIP2;1"°/2;2"° 
had lower alkaline tolerance, as illustrated by 
their poorer relative survival rates and plant 
growth, compared with the respective control 
in rice. Because aquaporins are known to be 
involved in the homeostasis of ROS in cells 
across different life kingdoms (12, 24) and 
plant root growth inhibition under alkaline 
stress is closely associated with ROS accumu- 
lation (6), we measured ROS accumulation 
by 2’,7'-dichlorodihydrofluorescein diacetate 
(H,DCFDA) staining in rice roots. The fluores- 
cent signal of H,DCFDA staining reflects the 
ROS contents in plant tissues (25). The strong 
signal confirmed the higher ROS contents in 
plant roots of OsPIP2;1'°/2;2"° lines compared 


with the wild-type control line subjected to 
alkaline treatment (Fig. 4, E and F). These 
results suggest that aquaporins PIP2;1/2;2 
are involved in the regulation of alkaline tol- 
erance by affecting the ROS status in plants. 
Because PIP2;1/2;2 interact with Gy, we then 
measured the ROS accumulation of different 
transgenic lines of both sorghum and rice. 
Overexpression of AT1/GS3 or the C-terminal 
truncated protein enhanced ROS accumulation 
in the roots of sorghum and rice compared 
with that of their respective controls, whereas 
knockout of ATI/GS3 greatly reduced ROS ac- 
cumulation (Fig. 4, G to J). The strong fluores- 
cent signal staining also confirmed the higher 
ROS contents in plant roots of NIL-Sbat com- 
pared with NIL-SbAT1 after alkali treatment 
(fig. S5A). 

We also analyzed ROS status in the leaves 
of transgenic sorghum, millet, rice, and maize 
that either overexpressed ATI/GS3 or had a 
knocked out AT1/GS3 together with sorghum 
NIL lines by 3,3’-diaminobenzidine (DAB) 
staining. DAB staining detected a brown pre- 
cipitate in tissues, and the intensity of the 
staining was indicative of the amount of H,O., 
accumulation. The DAB staining results in all 
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Fig. 4. The Gy subunit AT] interacts with aquaporin PIP2;1, which functions 
in plant alkaline tolerance. (A) LC! assay of both SbAT1 and Sbatl with SbPIP2:1. 
Cluc-SbTGA1 and Nluc-AtHRD1A were used as the negative controls. (B) Co-IP 
assay of SbAT1 and Sbatl with SbPIP2:1. (C) Phenotypic analysis of OsPIP2:1'°/2:2° 
mutants under alkaline stress. Seeds of OsWT and two independent OsPIP2:1'°/2:2° 
lines were sown in soil without (CK) or with 75 mM alkali. Photographs were 
taken on the 27th day after seed sowing. Scale bars, 5 cm. (D) Statistical analysis 
of the relative survival rates of plant materials, as in (C). Data are the means + 
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SEMs (n = 16 plants for each repeat) of four biological replicates in each treatment. 
(E, G, and I) H202 amount detection by an ROS detection probe (H2DCFDA) in 
the root tips of PIP2:1 and Gy subunit-related genetic plants. Two-week-old 
sorghum and rice seedlings treated with or without 200 mM alkali for 48 hours 
were used for analysis. Scale bars, 100 um. (F, H, and J) Statistical analysis 

of the H202 concentration in (E), (G), and (I). Data are the means + SEMs 

(n = 6 plants). In (D), (F), (H), and (J), statistical significance was determined 

by ordinary one-way ANOVA with Tukey's multiple comparisons test. 
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four crops (fig. $5, B to F) confirmed the re- 
sults of H,DCFDA staining. It is well known 
that alkaline stress can cause ROS accumula- 
tion (6). Excessive amounts of ROS result in 
cellular oxidative stress, which causes cell death 
in plants and consequently reduces plant 
survival rates. The regulation of cellular ROS 
accumulation might explain why the trun- 
cated Gy had lower survival rates and why 
the knockout of Gy increased alkaline toler- 
ance in these crops. 


Gy regulates PIP2 phosphorylation in 
ROS distribution 


To further study how Gy interacts with PIP2 
aquaporins to affect ROS homeostasis in re- 
sponse to alkaline stress, we applied the redox 
probe Cyto-roGFP2-Orpl1, which senses H20, 
in the cytoplasm (26-28). Fluorescence after 
excitation was observed at 405 and 488 nm 
but not in the no-plasmid control group (fig. 
S6A), which indicated that we successfully ex- 
pressed the Cyto-roGFP2-Orp!1 probe in rice 
protoplasts. We next analyzed the redox state 
of protoplasts overexpressing Cyto-roGFP2- 
Orp1 under different redox challenges. The 
morphology of the protoplast was complete, 
and fluorescence was not quenched under 
100 uM dithiothreitol (DTT) or 100 uM H.O.. 
Protoplasts overexpressing Cyto-roGFP2-Orp1 
responded well to reductive challenge and oxi- 
dative challenge, and the response range (ratio 
of oxidation:reduction) was 2.9 (Fig. 5, Aand 
B), which is within the dynamic range of the 
roGFP2-Orp1 probe reported (29). These results 
showed that this system is suitable for the de- 
tection of redox in rice protoplasts. 

Next, we performed the assay under alkaline 
treatment conditions. The standard pH for 
rice protoplasts is 5.4, and we found that the 
highest pH under which the protoplasts can 
still remain intact after a certain treatment 
time was 7.5. Then, we treated the wild-type 
protoplast with this alkaline condition for dif- 
ferent time points and observed cell integrity. 
Imaging results showed that the protoplasts 
remained intact at pH 7.5 for 40 min, but 
rupture of the protoplast was observed after 
60 min of alkali treatment (as shown by the 
blue arrow in fig. S6B, left panel). We also found 
that the H,O, level at 40 min was markedly 
higher than that of the control but was not 
induced at 20 min under the alkali treatment 
compared with CK buffer (pH 5.4) treatment. 
Therefore, we selected the 40-min time point 
as the appropriate treatment condition (fig. 
S6B, right panel). 

We then used this Cyto-roGFP2-Orp1 system 
and the treatment conditions to detect redox 
status in the protoplasts of OsWT, OsGS3-40E, 
OsGs3", and OsPIP2;1'°/2;2"° lines. The re- 
sults showed that the relative HO, level in- 
creased upon alkaline treatment compared 
with their untreated controls, and represen- 
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tative cells are shown in fig. S6C based on 
n > 30 protoplasts analyzed in each group. 
To overcome the variation in individual pro- 
toplasts, we measured the redox states in large 
numbers of cells (with 1 x 10° protoplasts each 
repeat) of those same lines transfected with 
Cyto-roGFP2-Orp1 at 525 nm after excitation 
at 405 and 488 nm detected by a microplate 
reader. As shown in Fig. 5C, after alkaline 
treatment, the relative H,Oz levels were higher 
in the OsGS3-40E group than in the OsWT. 
These results suggested that OsGS3-4OE per- 
formed negatively in the alkali response be- 
cause of the production of high H2Oz in cells, 
whereas lower ROS accumulation in OsGs3”” 
could be one of the reasons why OsGS3"” is 
tolerant to alkaline treatment. We also ob- 
served that the relative H,Oz levels were signif- 
icantly higher in OsPIP2;1°°/2;2"°-8-3 compared 
with OsWT under alkali treatment (Fig. 5D). 
Previous studies on PIP2;1 in Arabidopsis 
have found that modifications in the phos- 
phorylation of PIP2;1 affect its activity (30, 37). 
Thus, we studied the function of SbPIP2;1 phos- 
phorylation on ROS distribution under alkaline 
stress. First, we identified phosphorylation sites 
in SbPIP2;1 by liquid chromatography with tan- 
dem mass spectrometry (LC-MS/MS) in seed- 
ling samples treated or untreated with alkaline 
stress and detected two phosphorylation sites, 
$285 and 8288 (fig. S6D). We found that over- 
expression of SbDAT7 could attenuate the phos- 
phorylation of SbPIP2;1 (Fig. 5E). Using the 
anti-pS285/288 antibody, we quantified the 
phosphorylation levels of OsPIP2;1 in rice 
OsGS3 transgenic lines grown in the control 
and alkali treatment conditions. The phospho- 
rylation levels of OsPIP2;1 in both lines over- 
expressing the full-length OsGS3 (OsGS3-10E) 
and the short form of OsGS3 (OsGS3-40E) were 
lower than the level in the wild-type control, 
whereas the phosphorylation levels of OsPIP2;1 
were higher in osqs3"” (Fig. 5F), which is 
similar to what we found in sorghum PIP2;1 
(Fig. 5E). These results suggested that AT1/ 
GS3 might modulate ROS homeostasis in 
plants by attenuating the phosphorylation of 
PIP2;1 when stressed by alkaline conditions. 
To confirm our observation of the phos- 
phorylation of PIP2;1 on the cellular ROS 
status in plant cells, we transiently expressed 
a fusion construct in the protoplast of the 
rice OsPIP2;1°°/2;2"° mutant by inserting a 
P2A self-cleaving peptide (32) in the region 
between different phosphorylation forms of 
OsPIP2;1 and the ROS probe (Cyto-roGFP2- 
Orp1), which could produce two equal molar 
proteins of OsPIP2;1 and the ROS probe (Fig. 
5G). As shown in Fig. 5H, there was no sig- 
nificant difference in untreated cells, but the 
higher ROS production in cells was repressed 
by overexpression of OsP/P2;1 in the OsPIP2;1°/ 
2,gh° mutant. Additionally, the phosphorylated 
form of OsPIP2;1(3SD) effectively attenuated 
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the ROS level, whereas the dephosphorylated 
form of PIP2;1 (8SA) accumulated higher ROS 
levels in cells upon alkali treatment (Fig. 5H). 
These results indicate that Gy negatively regu- 
lates the phosphorylation of PIP2;1, leading to 
elevated ROS levels in plants. 

To further reveal how PIP2s and AT1/GS3 
function in the control of cellular ROS levels 
under stress conditions, we detected and quan- 
tified the relative ROS content in both cytosol 
and apoplast in the root tissues of rice lines, 
such as wild-type ZHI, OsGS3-40E, OsGs3"°, 
and OsPIP2;1"°/2;2*°-8-3 lines, by staining 
with H2,DCFDA (cytosolic redox status) and 
OxyBURST Green H.HFF BSA (apoplastic 
redox status) upon alkaline treatment. We 
found very little difference in the ROS con- 
tent in all of these rice lines without alkaline 
treatment (Fig. 5, I to L). After alkali treat- 
ment, significantly increased cytosolic ROS 
accumulation was detected in OsGS3-40E, 
whereas cytosolic ROS accumulation was re- 
duced in OsGs3*° compared with the wild- 
type control (Fig. 5, I and J). We also examined 
the apoplastic ROS level of the same lines. 
OsGS3-40E showed relatively lower-apoplast 
ROS than OsWT, whereas high-apoplast ROS 
accumulation was detected in the roots of the 
OsGS3"° line. Increased cytosolic ROS and re- 
duced apoplastic ROS accumulation were also 
detected in OsPIP2;1°°/2;2"° compared with 
ZH11I (Fig. 5, I to L). These results revealed that 
the G protein y subunit GS3/AT1 and aquaporin 
OsPIP2;1/2;2 could function in opposite ways 
to regulate the cytosolic/apoplast ROS ratios 
in response to alkaline stress in plant roots. 
Together with cytosol ROS detected by the 
ROS probe (Cyto-roGFP2-Orp1), these results 
suggest that GS3/AT1-mediated phosphoryl- 
ation of OsPIP2 aquaporins might function to 
regulate intracellular ROS levels and avoid 
damage to plant roots under alkaline stress. 


Enhanced field crop yield in highly 
sodic lands 


To assess the usefulness of the ATIJ/GS3 gene 
for crop production, we field tested sorghum, 
rice, maize, and millet with different natural 
alleles and genetically modified ATI/GS3 genes 
in highly sodic lands containing natural alkali. 
The fields are located in two sites within sodic 
regions in China—the Daan region in Jilin Prov- 
ince (northern China) and the Pinglou region in 
Ningxia Province (northwestern China). These 
regions are among the main crop production 
areas in China but have large areas of sodic 
soils, which limit crop production. 
KYN™(GS3) is the elite cultivar Kongyu131 
carrying OsGS3-2 (with an in-frame 3-bp in- 
sertion in the C terminus relative to OsGS3-D, 
which is functionally equivalent to OsGS3-1. 
KY" (gs3°) is in the background of Kongyu131 
with an introgressed OsGS3-3, which is a com- 
plete loss-of-function allele. Before the field 
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Fig. 5. The Gy subunit of AT1 homologs regulates the plant alkali response 
through the H,0, exporter PIP2;1. (A) Confocal imaging of Cyto-roGFP2-Orpl in 
OsWT protoplasts treated with 100 uM DTT and 100 uM H20z separately. Scale 
bars, 5 wm. (B) The relative 405/488 nm ratio of Cyto-roGFP2-Orp1 in samples 


Cytosolic ROS level 


loading control. (G) Sch 


Apoplast ROS level 


subjected to phosphorylation analysis with an o-p280/283 antibody. The large 
subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase (RbcL) was used as a 


ematic diagram of roGFP2-Orp1-P2A-OsPIP2;1/OsPIP2;1 


(3SA)/OsPIP2:1(3SD) fusion gen 


es used in (H). (H) Phosphorylation of OsPIP2:1 is 


measured with a microplate reader. (C and D) Detection of cytosolic H202 


accumulation in the Gy s 


ubunit and P/P2;1-related genetic plants. The protoplasts 


transfected with Cyto-roGFP2-Orp1 were treated with standard W5 liquid 
(pH 5.54, CK) or W5 liquid by the addition of alkali to pH 7.5 (Alkali) for 40 min. 


8-3, OsPIP2:1'°/2:2°°-8-3 
$285 and S288 sites, by 


. (E) Relative abundance of the phosphopeptides, including 
LC-MS/MS. SbWT and SbATI-OE plants were treated 


with or without 75 mM a 


kali. (F) OsGS3 affects the phosphorylation level of 


OsPIP2;1. Three-day-old rice plants treated with 200 mM alkali for 6 hours were 


essential for its function in mod 


ulating H202 accumulation in the cytosol. VC, 


vector control. 3SA, OsPIP2:1(3SA); 3SD, OsPIP2:1(3SD). In (B) to (D) and (H), data 


are the means + SEMs (three re 
(I and K) Cytosol and apoplast 


plicates, ~1 x 10° cells of each line in each replicate). 
ROS in situ detection of OsWT, OsGS3-40E, 


OsGS3"°, and OsPIP2:1'°/2:2"°-8-3 plants. Scale bars, 20 um. (J and L) Statistical 


analysis of H202 accumulation i 


n (I) and (K). Data are the means + SEMs (n 2 8). 


In (B) to (D), (H), (J), and (L), statistical significance was determined by 


ordinary one-way ANOVA with 


Tukey's multiple comparisons test. 


trial, the alkaline tolerance of KYN™(GS3) was 
tested in comparison with KY*"(gs3°). The 
test was carried out at the seedling stage in a 
greenhouse with 75 mM alkali. As expected, 
KY" (gs3-) showed much higher alkaline tol- 
erance than Kongyu131 (fig. $7, A and B). 

We then conducted an experiment to com- 
pare NILs in soils with two different pH val- 
ues, 9.45 and 7.74 (control), using highly sodic 
soils from the same region mixed with nu- 
trient soil. Except for the number of panicles 
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per plant (fig. S7C), KY" (gs3-) showed sig- 
nificantly better performance than KYN"(GS3) 
in relative survival rate, the number of grains 
per panicle, grain weight, and grain yield (fig. 
S7C) under sodic soil with pH 9.45. 

We also performed a field test with a des- 
igned plot experiment in Daan, where the soil 
pH was 9.17. The KYN""(gs3°) line performed 
much better than KYN"“(GS3) at both the seed- 
ling (fig. S7D) and harvest stages (Fig. 6A, left 
panel), indicating enhanced alkaline tolerance 
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in KY“ (gs3°). At the harvest stage, KYN"(gs3°) 
rice produced larger panicles (fig. S7E) with a 
higher number of grains per panicle (Fig. 6A, 
third panel) and increased grain weight (Fig. 
6A, fourth panel), resulting in a 29.3% increase 
in grain yield per clump (Fig. 6A, fifth panel). 
The grain yield was 27.8% higher for the 
KYN"™(gs3-) rice compared with the control 
(Fig. 6A, right panel).The same plantings were 
established in a field with a pH of 5.58, where 
the difference in yield per plant between 
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KYN™(gs3-) and the control was only 10.3% 
(fig. S7F). The grain yield of the rice NILs in 
sodic soil and acidic soil was studied in the 
same location on the second year. There was 
a 22.4% yield increase in alkaline soil and a 
6.64% increase in the control field (fig. S7, G 
and H), similar to results obtained previously. 
Furthermore, OsGS3 knockout contributed to 
grain length in both sodic soil and neutral soil. 
We also found that OsGS3 knockout contrib- 
uted to width in sodic soil but not in neutral 
soil (fig. S7, I and J). These results show that 
the nonfunctional allele of GS3 could achieve 
higher crop production in highly sodic soils. 

Because of its good quality and high yield, 
the improved elite rice line Zhongkefa5 (ZKF5) 
has been planted in >0.1 million ha in northern 
China since 2018. ZKF5 has a nonfunctional 
allele of GS3 (OsGS3-3), similar to that in 
KYN"™(gs3"). We tested ZKF5 field perform- 
ance in relatively high-sodic soil (pH 8.5 to 8.7) 
and low-sodic soil (pH 7.4 to 7.6) in the sum- 
mer of 2021. At the end of the growing season, 
field production data were obtained from 
>30 ha of land by the local farmer association. 
We found only a 7.8% reduction in yield prod- 
uction in the sodic field when compared with 
that in the neutral field (fig. S7K). These large- 
area field production data also indicate the 
potential for increasing crop production by 
using the GS3-3 allele in rice production in 
sodic lands. 

We also planted Zhonghua 11 (ZH11) rice 
and its OsGS3 knockout line, osas3"®, in soils 
of the same two pH levels—7.74 as the control 
and 9.45 as the sodic soil—in a greenhouse. 
Although we failed to harvest the seeds of ZH11 
because of its photoperiod sensitivity when 
planted in Jilin Province, the greater relative 
survival rate observed in the OsGS3”” line (fig. 
S7L) demonstrates its greater tolerance to 
sodic conditions. 

Sorghum, maize, and millet were tested in 
the Pingluo region, which consists of dry lands 
with highly sodic soil in northwestern China. 
In this region, the pH naturally increases 
during the crop growing season because of 
changes in the underground water level (2). 
The Wheatland wild-type and SbAT1" lines 
of sorghum were planted in the same plot with 
a pH of 8.97 in the spring season that reached 
a pH of 9.27 at the flowering stage in August. 
The survival rate was >60% for the SbAT?’’ 
line and only 33% for the Wheatland wild-type 
control (Fig. 6B, first and second panels). Leaf 
burn, a symptom that usually occurs in mono- 
cotyledonous crops affected by high salt or 
sodic stress, was observed in most Wheatland 
wild-type plants but not in plants of the 
SDAT?” line (Fig. 6B, first panel). At the har- 
vest stage, the grain yield of the SDAT?" line 
was 20.1% greater than that of the control (Fig. 
6B, third panel) despite its lower numbers of 
tillers and panicles (Fig. 6B, fourth and fifth 
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panels). Because whole sorghum plants are 
commonly used for silage, we measured the 
fresh weight of whole-plant biomass and 
found that the fresh weight of plants in the 
SDAT?" line was 30.5% higher than that of the 
control (Fig. 6B, right panel). Both the higher 
grain production and whole-plant biomass of 
the SAT?" line compared with those of the 
wild type demonstrated greater field perform- 
ance for sorghum grown in sodic land. In the 
same region, we also planted the NIL-SbDATI 
and NIL-Sdati lines in the summer season. At 
the end of August, we found that NIL-SbATI 
outperformed NIL-Sbati (Fig. 6C), and the dif- 
ferences were similar to the results recorded 
from the greenhouse experiment (Fig. 2B). 

The SiAT?7"° line and its control, Ci846, 
were also planted together with sorghum in 
the same region. The SiAT1™ line at the seed- 
ling stage had a survival rate of nearly 100%, 
whereas the wild-type Ci846 had a survival 
rate of only 75% (Fig. 6D, left panel). Addi- 
tionally, at the harvest stage, the panicle size of 
the knockout line was also larger than that 
of the control (Fig. 6D, middle panel), and the 
grain yield of SiAT?’’ was 19.5% higher than 
that of the control (Fig. 6D, right panel). 

In the same field, we also planted maize 
with ZmGS3 knocked out together with its 
control line KN5585 (ZmWT). At the seed- 
ling stage, the ZmGS3"” line showed a relative 
survival rate of 42.5% compared with 18.5% 
of the wild-type control, as recorded 1 month 
after planting (Fig. 6E). After 3 months of 
growth, most individuals of the KN5585 line 
died, whereas 7.4% of individuals from the 
knockout line survived. Although none of these 
plants reached maturity to produce grains be- 
cause of the inherent sensitivity of maize to 
alkaline conditions, knockout of Z2mGS3 showed 
enhanced alkaline tolerance. Altogether, we 
conclude that nonfunctional mutants, either 
obtained from natural variations or generated 
by gene editing, can improve the field per- 
formance of crops in terms of biomass or grain 
production when cultivated in sodic soils. 


Discussion 


In this study, we have identified and demon- 
strated that natural alleles of AT1, an atypical 
G protein y subunit, contribute to alkaline 
tolerance in four different monocotyledonous 
crops. The N-terminal domain of AT1 and its 
homologs played negative roles in alkaline 
stress tolerance. Crops with a truncated pro- 
tein were highly sensitive to alkaline stress. 
This might be because of the inhibitory role 
of the C-terminal domain, which is necessary 
for protein degradation in its rice homolog 
(33, 34). Accordingly, overexpression of the 
entire protein results in higher sensitivity to 
alkaline stress due to higher amounts of the 
protein, and overexpression of the truncated 
protein leads to an even higher sensitivity to 
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alkaline stress. By contrast, high tolerance to 
alkalinity was observed in the knockout or 
natural variants with nonfunctional alleles 
in all four crops because of a lack of the 
N-terminal domain (Fig. 6F). 

SDATI and OsGS3 play pleiotropic roles in 
agronomic trait regulation and stress response 
(35, 36). Both OsGS3 and SbATI/qTGWIa are 
key determinants of grain size (19, 37). OsGS3 
also participates in stigma exsertion (38). Ad- 
ditionally, we found that SbAT7, previously 
also named GCI (Glume Coverage 1) because of 
its role in regulating sorghum glume coverage 
(18), affects alkaline tolerance in monocot 
crops (sorghum, rice, maize, and millet). OsGS3 
is also involved in salinity and chilling stress 
with an unknown mechanism (36) and con- 
trols thermotolerance in rice through alter- 
ation of wax biosynthesis (39). Accordingly, 
SbATI and OsGS3 act as negative regulators of 
these traits, and the truncated proteins with 
only an N-terminal domain led to a reduced 
grain size and low glume coverage. Because 
G protein y subunits play important roles at 
the early stages of cell signaling pathways, it 
is not a surprise that they have pleiotropic 
effects in different aspects of plant develop- 
ment and stress tolerance. Nevertheless, the 
identification of the downstream components 
of the G protein is an important aspect in 
plants. We also note the need to consider the 
probable negative effect of nonfunctional al- 
leles of SbATI/GCI for sorghum due to the 
production of longer glume sizes (18), which 
might be unfavorable for threshing. For rice, 
slightly higher plant height was observed in 
the knockout mutant and natural nonfunc- 
tional mutant of OsGS3 (33), and this charac- 
teristic might not be favored by breeders. 

Cells have developed different systems to 
protect themselves by activating metabolic 
pathways involving ROS or peroxiporins to 
facilitate HO. export from cells and maintain 
homeostasis. Aquaporins have no catalytic ac- 
tivity to convert oxidative species to less harm- 
ful molecules in cells, but aquaporins are known 
to be involved in bidirectional transport of 
oxidative species in cells. Most transport as- 
says were performed with additions of excess 
amounts of extracellular H,O, to demonstrate 
the ability of transporters to import H.O, 
across the cell membrane. However, when 
genes encoding the H,O.-degrading enzyme 
glutathione peroxidase (GPX1) or catalase 
(CAT) are knocked out, the excess amount of 
H,O, present in stressed cells can be exported 
with the assistance of certain aquaporins that 
function as peroxiporins to detoxify the cell 
(9). We found a similar function in plant 
aquaporins in the regulation of the ROS level 
under stress after we investigated mutants 
with a knockout of OsPIP2;1 that overex- 
pressed both sorghum and rice aquaporins. 
Overall, these results highlight the important 
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Fig. 6. AT1/GS3 knockout and natural nonfunctional alleles enhance crop 
yield in saline-alkaline fields. (A) Phenotype and grain production of rice 
KY™'“(GS3) and KYN!'(gs3-) from the alkali field (pH 9.17) in Jilin Province, 
China, in 2021. The first panel shows the phenotype of the rice plants at the 
reproductive stage (3 months after planting in the field). The panicle number 
indicates the number of panicles per plant. Data are the means + SEMs 

(n = 3 plots). (B) Phenotype, survival rate, grain production, and whole biomass 
of SbWT and SbATI' grown in the alkali field (pH 9.10) of Ningxia Province, 
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China, in 2021. Data are the means + SEMs (n = 3 plots). (©) Phenotype and 
fresh weight of NIL-SbAT1 and NIL-Sbatl seedlings grown in the alkali field 

(pH 9.10) of Ningxia Province, China, in 2021. (D) Phenotype, survival rate, 
and grain production of the millet lines grown in the alkaline field (pH 9.10) of 
Ningxia Province, China, in 2021. Data are the means + SEMs (n = 3 plots). 
(E) Statistical analysis of the survival rates of ZmWT and ZmGS3* grown in 
the alkaline field (pH 9.10) of Ningxia in 2021. Data are the means + SEMs 

(n = 3 plots). In (A) to (E), statistical significance was determined by two-tailed 
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unpaired t test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (F) A 
proposed model of the Gy subunit ATl-mediated response to alkaline stress 

in plants. Under alkaline stress, PIP2s function as H2O2 exporters. The Gy 
subunit AT1 could pair with GB to negatively modulate the phosphorylation 
level of PIP2s and thus reduce their H2O2 export activity, leading to overaccumulation 


roles of water-facilitator type aquaporins in 
contributing to HO, detoxification to pro- 
tect cells against oxidative stress. 

With the knowledge that AT1 plays a nega- 
tive role in modulating the phosphorylation 
of aquaporins to regulate the ROS level under 
alkaline stress conditions (Fig. 6F), we might 
be able to design crops that tolerate high alka- 
line stress. We have successfully demonstrated 
the potential alkaline tolerance improvement 
in a number of monocot crops (sorghum, rice, 
maize, and millet) by modifying AT7 through 
knockout of ATI orthologs or selecting for 
nonfunctional alleles in AT7 crops. This strat- 
egy might have potential value in other cereal 
crops. Other options to explore are the genetic 
engineering of A77 in dicotyledonous crops, 
such as tomatoes, potatoes, and fruit trees. The 
results may be even more complex because the 
GS3 homolog has been reported to play oppo- 
site roles between dicots and monocots (33). 


Materials and methods 
Plant materials 


Sixteen selected sorghum accessions based on 
seed availability belonging to a sorghum asso- 
ciation panel (SAP) used in the study (40, 47) 
were first used to screen the suitable concen- 
tration of alkaline treatment. The SAP popula- 
tion was composed of 352 sorghum inbred lines 
and was used to evaluate relative survival rates 
for GWASs. Seeds of the SAP population and 
another 37 sorghum accessions were all ob- 
tained from the United States Department 
of Agriculture’s Agricultural Research Service 
(USDA-ARS). SNO10 (of the Hap! haplotype) is 
a sorghum variety from China, whereas M-81E 
(of Hap2) is a sorghum improved inbred from 
the United States. The NILs ATIS“°”° and 
ATI" are from our laboratory stocks, and 
they differ in a 58-kb interval from that of the 
F,, generation. The interval was flanked by two 
molecular markers, MSROO69 and MSNOOI3. 
The rice NILs KYN"(GS3) and KY"(gs3°) 
used in field trials were developed in the 
Kongyu131 (KY131) variety. Two rice varieties, 
Kongyu 131 (KY131) and Minghui 63 (MH63), 
were used as the parents for the construction 
of NILs. KY131, with a functional GS3 allele, 
was used as the recipient and is a japonica 
variety with the largest planting area in China 
(https://www.ricedata.cn/variety/). MH63, with 
a nonfunctional GS3-3 allele, was used as the 
donor and is an elite indica-type restorer line 
with the largest planting area in China. The 
overall construction followed a recurrent back- 
cross procedure including four generations of 
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backcrosses and two generations of selfing. A 
cross was made between the recipient KY131 
and the donor MH63. In backcrossing gen- 
erations from BC,F, to BC,F,, selected individ- 
uals heterozygous at GS3 were backcrossed to 
KY131. Negative selections were carried out in 
BC3F,, BC4F,, BC4Fo, and BC,F3. In BC3F, and 
BC,F,, the recombinants heterozygous at GS3 
were subjected to background selection using 
whole-genome array GSR40K. Subsequently, 
the BC,F; population was developed from an 
individual in BC,F, with the highest propor- 
tion of genome recovery of the sequence of the 
recurrent parent by two rounds of recombina- 
tion selection. The genotype of an NIL from 
BC,F, was further confirmed by whole-genome 
array GSR40K. 

Zhongkefa5 (ZKF5) was generated from a 
cross between the recipient KY131 and Jiahe212 
(containing a nonfunctional gs3° allele, a C to 
A mutation at position +16733441 of chromo- 
some 3, and obtained a premature termina- 
tion). Then, an F, individual was used as the 
recipient, and the landrace rice Songgen88 
was used as the donor for subsequent back- 
crossing and selection. The GS3-3 allele was 
confirmed by sequencing. 

The sorghum transgenic overexpression line 
SDATLOE and mutant SbAT?*° used in this 
study were constructed in the sorghum variety 
Wheatland background. The millet SiA71’?* 
transgenic line and the SiA477 and SiATI'”” 
mutants used in this study were constructed 
in the millet variety Ci846 background. The 
rice OsGS3-10E, OsGS3-40E, osGs3"?, and 
OsGS3Ri transgenic lines with the ZH11 back- 
ground have been previously described (34). 
The maize mutant line ZmGS3" used in this 
study was developed using the maize variety 
KN5585. Related primers are shown in table S3. 


Plant growth conditions 


Before sowing, all seeds for each line that 
were plump and of similar size were chosen 
for study. Seeds were sterilized in 770% EtOH 
for 30 s and washed three times with distilled 
water. Subsequently, seeds were shaken in 
10% bleach solution for 30 min and washed 
with distilled water 8 to 10 times. The seedlings 
were grown in a controlled greenhouse under 
long-day conditions (16 hours light/8 hours 
dark) at 28°C. The illumination was 600 umol 
m~* s', and the relative humidity was 60 
to 80%. 

Field trials of sorghum, maize, and millet 
NILs and/or transgenic T, homozygous lines were 
carried out from April 2021 to September 2021 
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of H20> and resulting in plant sensitivity to alkaline stress. The truncated form 
of ATI, atl, further inhibited H2O2 export activity and led to plant hypersensitivity 
to stress. However, the knockout of AT1 homologs or their natural nonfunctional 
form releases the inhibition of PIP2s and efficiently improves the alkaline 
stress tolerance of crops. 


in Huiwei Village, Pingluo County of Ningxia 
Hui Autonomous Region (38°57'29" N, 106°32' 
39" E; elevation 1090 m). All the field tests in 
this study were performed with three plots as 
three repeats. The plot dimensions were 3.6 m 
by 1.5 m with row spacing of 0.5 m, plant 
spacing of 0.2 m, and walkways of 1 m be- 
tween plots. Our sowing method was single- 
hole sowing, and the sowing depth was ~3 cm. 

Field trials of rice KY NILs grown in sodic 
soil with a high pH of 9.17 were carried out in 
Honggangzi town, Jilin Province (45°36'19" N, 
123°50'55" E; elevation 130 m). A pH 5.58 soil 
control was established by planting rice KY 
NILs in the same season in Heilongjiang (47° 
25'34" N, 143°02'45” E; elevation 80 m). One- 
month-old seedlings of each line cultivated in 
a greenhouse were selected and sown into 
the above paddy fields. The plot dimensions 
in the paddy fields were 1.5 m by 0.9 m, the 
row spacing was 0.3 m, and the plant spacing 
was 0.15 m. Three seedlings were transplanted 
per clump. Each plot had three replicates and 
was established based on a randomized block 
design. The field locations of ZKF5 plants 
grown in soils of pH 8.5 to 8.7 were 123°22' 
12” to 124°54' N and 45°23'24” to 45°37'48" 
E (composed of four plots, 7, 10, 8, and 8 ha 
separately), and those in soils of pH 7.4 to 
7.6 were 122°48'36” to 123°24' N and 45°37’ 
48" to 45°39'36" E (composed of two plots, 
11 and 22 ha separately). 


Phenotypic evaluation 


The seeds used for phenotype evaluation were 
all harvested at the same time and stored 
under the same conditions. In an initial test, 
seeds of each of the 16 selected sorghum lines 
were sown uniformly in a nutrient soil with 
50% vermiculite. Concentrations of 0, 25, 50, 75, 
100, 125, and 150 mM mixed alkali (NaHCO;: 
Na,COs with a molar ratio of 5:1) were used to 
immediately treat the soil. The 75 mM alkali 
treatment was selected as the most suitable 
concentration. The detailed working concen- 
trations of NaHCO; and Na,CO; in 75 mM 
alkali are 62.5 and 12.5 mM, respectively. It 
should be noted that the final concentration of 
mixed alkali is calculated based on the total 
volume of soil and absorbed water. Relative 
survival rate after plants spent 3 weeks under 
75 mM alkali stress was recorded. The relative 
survival rate of a GWAS population was cal- 
culated by taking the numbers of survival 
plants under alkali stress and dividing it by 
the numbers of survival plants under standard 
conditions after 3 weeks of treatment. Thus, 
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the relative survival rate is contributed to by 
both the abilities of seed germination and 
seedling survival under alkali conditions. Three 
biological repeats for the phenotypic evalua- 
tion of the SAP population were performed. 
For transgenic and genome-edited plants, sur- 
vival rates were recorded as the phenotypic 
data on the 14th day after the 75 mM mixed 
alkali stress treatment was applied. For pheno- 
type evaluation of the field trials of sorghum, 
rice, maize, and millet plants, relative survival 
rates were calculated 1 month after sowing in 
the field, and other important agronomic traits, 
including biomass and grain yield, were re- 
corded at maturity. The fresh weights of the 
aboveground materials of 10 seedlings from 
each line grown under the control and alkali 
treatments were also measured. 


GWAS 


Reference genome sequences of the sorghum 
variety BTx623 were obtained from a database 
of the Phytozome website (https://phytozome- 
nextjgi.doe.gov/) (42). SNP markers for the 
SAP population were obtained from the public 
community resource https://www.morrislab. 
org/data (43). SNPs with >20% missing data 
and minor allele frequencies (MAFs) below 
0.05 were removed. A total of 82,430 SNPs for 
the SAP population were used for the GWAS 
and analyzed using a mixed linear model. 
The threshold for genome-wide significance 
was determined using Bonferroni correction, 
and significant differences were determined 
based on P <1x 10°. 


Bacterial strains and growth conditions 


Escherichia coli strains XL1-Blue and DE3 
were used for vector construction. XL1-Blue, 
separately transformed with each recombinant 
vector, was cultured in LB medium (1% tryp- 
tone, 0.5% yeast extract, and 1% NaCl) with an 
antibiotic (kanamycin or ampicillin) at 37°C 
overnight. Agrobacterium tumefaciens strains 
GV3101 and EHA105 harboring the correspond- 
ing recombinant vectors were liquid-cultured 
in the same LB medium with the appropriate 
antibiotics at 28°C overnight. 


Plasmid construction and crop transformation 


A SDATI overexpression (SbATI-OE) construct 
in sorghum was prepared by taking the full- 
length cDNAs of SPATE” and cloning them 
into the pCambia2300-Myc vector with a Myc 
tag located at the N-terminal and driven by 
the ubiquitin promoter. A SbATI" mutant was 
constructed using a genome-editing system 
previously reported (44). A 20-bp-specific 
single-guide RNA (sgRNA) target sequence 
of Hap1 was synthesized and ligated to the 
pYLgRNA-OsU6a vector. The purified guide 
RNA (gRNA) expression cassette was subse- 
quently inserted into the binary pYLCRISPR- 
Cas9-MB vector. SbDATI-OE and the recombinant 
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pYLCRISPR-Cas9-MB plasmids were each in- 
troduced into the sorghum cultivar Wheat- 
land (with the SbATISN°”° allele) through 
Agrobacterium-mediated transformation (per- 
formed in a crop transformation platform led 
by Y. Sui at the Biotechnology Research Insti- 
tute, China Academy of Agriculture Sciences). 
The positive transgenic plants of the Tp genera- 
tion were identified by PCR. Gene expression 
levels of SDATI in transgenic overexpression 
plants were detected by qPCR. Homozygous 
mutants of the T, generation were confirmed 
in the sgRNA target sequence by PCR. 

We synthesized a truncated G protein y sub- 
unit version of SiAT1’“, which mimicked the 
truncated SbATIM®™. The SiAT?’** overex- 
pression construct was generated in the same 
pCambia2300-Myc vector as described above. 
The same genome-editing system (described 
above) was used to construct the SiATI and 
SiATY’” mutants by designing the sgRNA tar- 
get sequences in the second exon and the fifth 
exon of SiAT7, respectively. Each correspond- 
ing gRNA expression cassette was inserted 
into the final pYLCRISPR-Cas9-MH vector. All 
these successful constructs were introduced 
into the millet inbred line Ci846 (with the 
SiAT] allele) by Agrobacterium-mediated trans- 
formation. Positive transgenic overexpression 
plants of the Tp generation were verified by 
PCR and qPCR. Homozygous mutants of the 
T, generation were identified in the designed 
sgRNA target sites by PCR. 

The rice OsGS3-I0E, OsGS3-40E, OsGS3*°, 
and OsGS3Ri transgenic plants used in this 
study have been described in detail in previ- 
ous studies (34). 

A single mutant of ZmG@s3° (sgRNA de- 
signed in exon 1 and exon 2) with a 34-bp 
deletion was generated with the maize pro- 
moter ZmU6 using the CRISPR-Cas9 system 
(45). The sgRNAs were designed using the 
website http://crispr.hzau.edu.cn/CRISPR2/. 
The vector confirmed by sequencing was in- 
troduced into A. tumefaciens EHA105 and 
transformed into the maize variety KN5585 by 
Agrobacterium-mediated transformation. Vec- 
tor construction and plant transformation 
were performed by WIMI Biotechnology Co., 
Ltd. (China), as previously described (45). Mu- 
tations were confirmed by PCR sequencing 
samples from the Ty and T, generations. All 
related primers are shown in table S3. 


qPCR 


Total RNA was extracted from fresh sorghum 
seedling roots by using a pure RNA extraction 
kit (Huayueyang, Beijing, China), with DNA 
digested by ribonuclease (RNase)-free Dnase I 
treatment. cDNA was obtained using a cDNA 
synthesis kit (TransGen, Beijing, China). qPCR 
was performed with the KOD SYBR qPCR Mix 
Kit (TransGen, Beijing, China) on an Applied 
Biosystems 7900HT Fast Real-Time PCR Sys- 
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tem. The relative expression of targeted genes 
was calculated by the relative quantification 
method (24), Three biological repeats were 
performed for each sample. The expression 
level of SDEIF was used to normalize all qPCR 
data. Related primers are shown in table S3. 


Transient protein expression in 
Nicotiana benthamiana 


Agrobacterium-mediated transient expression 
in N. benthamiana was performed according 
to a protocol described previously with some 
modifications (46). Approximately 1-month-old 
tobacco plants grown in a greenhouse under a 
16-hours light/8-hours dark photoperiod were 
selected for infiltration. The A. tumefaciens 
strain EHA105 containing targeted gene vec- 
tors or the gene-silencing suppressor p19 was 
prepared. Agrobacterium colonies were ino- 
culated into 5 ml of LB liquid medium with 
the appropriate antibiotics at 28°C and placed 
on a shaker overnight. Then, a 1/100 volume 
(50 uL) of the Agrobacterium culture was trans- 
ferred into 5 ml of LB liquid medium with 
40 uM acetosyringone (AS). After the ODgo9 
(the optical density of a sample measured at a 
wavelength of 600 nm) reached ~3.0, bacteria 
were collected, and pellets were resuspended 
in 10 mM MgCl, to an ODgoo of 1.5 for targeted 
genes and an ODgoo of 1.0 for p19. Equal 
amounts of Agrobacterium transfected with 
targeted genes and p19 were mixed. The mixed 
Agrobacterium solutions were kept still at 
room temperature for 2 to 5 hours and then 
infiltrated into the undersides of tobacco leaves. 
After 3 days, the leaf veins were removed, and 
the infiltrated tobacco leaves were collected 
for Western blot assays with the correspond- 
ing antibodies. 


Protein expression in bacteria and purification 


The plasmid for GST-AT1, GST-at1, or MBP- 
SbPIP2;1 protein expression was transformed 
into E. coli strain BL21 (DE3). A single colony 
was inoculated into 10 ml of liquid LB me- 
dium containing the ampicillin antibiotic and 
incubated at 37°C overnight. Then, the 10-ml 
culture was transferred into 300 ml of LB me- 
dium. When the ODggo reached 0.6 to 0.8, 
final concentrations of 0.8 mM isopropyl-B-D- 
thiogalactopyranoside (IPTG) and 0.2% glucose 
were added, and the bacteria were cultured at 
18°C for 16 to 20 hours to induce fusion pro- 
tein expression. The bacteria were lysed with 
a pressure machine (JNBIO), and glutathione 
Sepharose 4B beads (GE Healthcare) or amy- 
lase resin (NEB) was used for purification of 
the fusion proteins. The bound proteins were 
washed three times with 1x phosphate-buffered 
saline (PBS) buffer with 150 mM NaCl. MBP- 
PIP2;1 coated on the amylase resin was eluted 
by 10 mM maltose. The purified proteins GST- 
ATI and GST-at1 coated on beads and eluted 
MBP-PIP2;1 were stored at —80°C until use. 
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LC-MS/MS assay 

To obtain the interacting proteins of SbAT1, an 
LC-MS/MS assay was performed after a cell- 
free assay, which enriched the interacting pro- 
teins through incubation of the GST-SbAT1 
protein with plant extracts. Seeds of the Wheat- 
land sorghum were sown in soil supplemented 
with 75 mM alkali. Fourteen-day-old plants 
were collected and frozen in liquid nitrogen 
to be ground into fine powder. Native extrac- 
tion buffer (50 mM Tris-MES at pH 8.0, 0.5 M 
sucrose, 1 mM MgCls, 10 mM EDTA, 5 mM 
DTT, 1 mM PMSF, Roche cOmplete Mini pro- 
tease inhibitor cocktail tablets, and 0.2% NP40) 
was applied for total protein extraction. The 
plant extracts were centrifuged three times 
at 12,000 rpm for 10 min at 4°C, and the final 
protein supernatant was filtered with a 0.45-um 
sterile membrane to remove the debris that 
could not be removed by centrifugation. GST- 
SbATI fusion proteins (200 ng) coated on beads 
were incubated with the above prepared plant 
protein extracts supplemented with MG132 
(26S proteasome inhibitor) at 4°C for 3 hours, 
and then the beads were washed three times 
(for 10 min each time) with 1x PBS buffer 
along with 150 mM NaCl. The buffer was dis- 
carded completely after the last wash, and the 
beads were resuspended in 2x SDS protein 
loading buffer and heated at 95°C for 10 min. 
The sample was separated and purified by an 
SDS-polyacrylamide gel electrophoresis (SDS- 
PAGE) gel running for ~1 cm, and the gel was 
collected for in-gel digestion. 

The gel sample containing GST-SbAT1 and 
its potential interacting proteins was cut into 
2- to 3-mm?” pieces in a dust-free environment. 
The destained gel pieces were treated with 
10 mM DTT at 56°C for 1 hour and then with 
55 mM iodoacetamide at room temperature in 
darkness for 45 min. Then, the proteins in the 
gel pieces were digested with trypsin (enzyme- 
to-substrate ratio 1:50) at 37°C overnight. The 
peptides were extracted from the gel pieces 
by sonication and freeze-dried in a SpeedVac 
concentrator. Finally, the peptides were redis- 
solved in 0.1% formic acid and filtered through 
a 0.45-um centrifugal filter before conduct- 
ing the LC-MS/MS assay with a nanoLC-Q 
EXACTIVE mass spectrometer. The raw data 
were analyzed by Thermo Proteome Discoverer 
(14.0.288) and using the UniProt-proteome- 
Sorghum bicolor (Sorghum vulgare) database 
(strain: cv. BTx623) (20190715). 

In the experiment identifying the phos- 
phorylated sites in SbPIP2;1, the powder was 
lysed in a buffer containing 4% SDC and 
100 mM Tris-HCl (pH 8.5). After sonication, 
the lysates were centrifuged for 10 min at 
12,000 g to remove insoluble debris. Protein 
(~1200 ug) was reduced and alkylated by TCEP 
and CAA and digested with trypsin (1:50 w/w) 
at 37°C overnight. After digestion, the phos- 
phopeptides were enriched using titanium di- 
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oxide beads (TiO.; GL Sciences, 5010-21315). 
The phosphopeptides were analyzed by an 
Orbitrap Fusion Lumos Tribrid mass spec- 
trometer (Thermo Scientific, Rockford, IL 
Waltham, MA) coupled online to an Easy-nLC 
1000 in the data-dependent mode. Precursor 
ions were measured in the Orbitrap analyser at 
240,000 resolution. The twenty most intense 
ions from each MS scan were isolated and frag- 
mented by high-energy collisional dissociation. 
The database search was performed for all raw 
MS files using the software MaxQuant (version 
1.6.3.4). The S. bicolor proteome sequence data- 
base was applied to search the data. Serine, 
threonine, and tyrosine phosphorylation; pro- 
tein N-terminal acetylation; and methionine 
oxidation were included in the search as the 
variable modifications. Cysteine carbamido- 
methylation was set as a stable modification. 


LCI assay 


LCI assays were carried out following a meth- 
od published previously (29). The coding se- 
quences of targeted genes or a control gene 
were cloned into pCcAMBIA1300-nLUC or 
pCAMBIA1300-cLUC, respectively. The con- 
structs Nluc-SbAT1, Nluc-Sbatl, Nluc-OsGS3-1, 
Nluc-OsGS3-4, Cluc-SbPIP2;1, Cluc-OsPIP2;1, 
and Cluc-SbTGA1 were then transformed into 
A. tumefaciens strain GV3101. As described in 
the section on protein transient expression in 
tobacco leaves, equal amounts of bacteria 
harboring different constructs and p19 were 
mixed and infiltrated into tobacco leaves. Af- 
ter 3 days, 1 mM luciferin substrate was spread 
evenly on the underside of leaves and allowed 
to react for 5 min in the dark. Subsequently, 
luciferase activity signals were detected with 
a cooled low-light charge-coupled device cam- 
era (Night OWL II LB 983). 


Pull-down assay 


To investigate the direct interaction of SbAT1 
or Sbatl with SbPIP2;1, the GST-SbATI, 
GST-Sbat1, and MBP-SbPIP2;1 fusions were 
expressed in £. coli strain BL21 (DE3) and 
purified with glutathione Sepharose 4B beads 
or amylase resin (NEB), as described above. 
Equimolar amounts of GST, GST-SbATI, and 
GST-Sbatl proteins coated on beads were in- 
cubated with equal amounts of eluted MBP- 
SbPIP2;1 protein at 4°C for 2 hours. Then, the 
beads were washed five times with 1x PBS 
containing 150 mM NaCl. All the supernatant 
was removed and transferred into 2x SDS 
protein loading buffer before heating at 95°C 
for 10 min. The eluted proteins were examined 
by Western blot with an anti-MBP antibody. 


Co-IP assay 

GFP, GFP-SbATI, GFP-Sbat1, and Cluc-SbPIP2;1 
proteins were transiently expressed in tobacco 
leaves. The samples were ground into powder 
in liquid nitrogen, and the protein extracts were 


24 March 2023 


prepared with native extraction buffer supple- 
mented with MG132. GFP, GFP-SbAT1, and 
GFP-Sbat1 protein extracts were enriched with 
magnetic beads coated with an anti-GFP anti- 
body and then placed at 4°C for 2 hours. The 
beads were then washed three times with 1x 
PBS buffer. Equal amounts of Cluc-SbPIP2;1 
protein extracts were added to the beads and 
incubated at 4°C for 2 hours. After washing 
three times with 1x PBS supplemented with 
150 mM NaCl, the bead samples were placed 
into 2x SDS protein loading buffer and heated 
at 95°C for 10 min. Finally, the precipitates 
were analyzed by Western blotting with an 
anti-Luc antibody. 


Detection of redox states in protoplasts by 
confocal microscopy and microplate reader 


Redox states assays determined by Cyto-roGFP2- 
Orp1 were performed as described by Gutscher 
et al. (29). Briefly, genes encoding Cyto-roGFP2- 
Orp1 were cloned into the pGFP2 vector and to 
generate pGFP2-Cyto-roGFP2-Orp1. Protoplasts 
were prepared with 10-day-old rice seedlings 
grown in a sterile container. Protoplasts over- 
expressed the Cyto-roGFP2-Orp1 probe by the 
PEG transfection method. After 12 to 16 hours, 
the protoplasts were centrifuged gently at 100 g 
for 3 min, the supernatant was removed and 
the protoplasts were resuspended in W5 liquid 
buffer (154 mM NaCl, 125 mM CaClo, 5 mM 
KCl, 2 mM MES) with different pH for 40 min. 
Then the redox states of those rice protoplasts 
were analyzed by confocal microscopy and 
microplate reader. A total of 1 x 10° sample 
protoplasts were used for microplate reader 
analyzing in each sample repeat. For mircro- 
scopy assay, transfected protoplasts were set 
on glass bottom dishes and analyzed using a 
laser scanning confocal microscopy system 
(LSM 710, Carl Zeiss) with a Plan-Apochromat 
63x oil immersion lens (NA 1.4), and then the 
redox states of those rice protoplasts were 
analyzed using a laser scanning confocal mi- 
croscopy system (LSM 710, Carl Zeiss). Fluo- 
rescence ratiometric intensity images (1024 x 
1024 points, 16 bits) of protoplasts were ac- 
quired. A 405-nm diode and 488-nm argon 
lasers (or 458-nm diode) were used for excita- 
tion. The signal was detected with 510- to 550-nm 
filters. Images were analyzed using ImageJ 
(National Institutes of Health) and Zen (Carl 
Zeiss) softwares, and the ratio of 405/488 nm 
indicated the relative level of H2O>. 

The redox states of protoplasts overexpress- 
ing Cyto-roGFP2-Orp1 were detected using a 
microplate reader (Thermo Scientific Varioskan 
LUX). We measured Cyto-roGFP2-Orp1 at 525 nm 
after excitation at 405 and 488 nm in a black 
plate reader. The background of the fluorescence 
value produced by untransfected protoplasts was 
subtracted, and the ratio of 405/488 nm indicated 
the relative level of H2Oy. All the raw and non- 
normalized data were shown in table S4. 
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ROS, Hz202, and relative chlorophyll 

content detection 

The formation of peroxides in the leaves was 
investigated by the 3,3’-diaminobenzidine (DAB) 
staining method (47). Seedling leaves of the 
control (CK) and alkali treatments were soaked 
in 10 ml of staining buffer (50 mM Na,HPO, 
and DAB). After vacuuming, the samples were 
incubated overnight in the dark at room tem- 
perature. Samples were transferred to an eluent 
(anhydrous ethanol:glacial acetic acid:glycerol = 
3:1:1) and boiled for 10 min to remove chlo- 
rophyll, and then the images of samples were 
taken under the same condition. 

For the detection of cytosolic ROS levels 
in the root tips of PIP2;1 and Gy subunit- 
related genetic plants, the dye OxyBURST 
Green H,DCFDA (Molecular Probes D-2935, 
Thermo Fisher Scientific) was used with stain- 
ing method described before (48). Two-week- 
old sorghum and rice seedlings grown in soil 
culture under normal conditions treated with 
or without 200 mM alkali for 48 hours were 
used for analysis. Then, the lateral roots of the 
alkali-treated and control-treated seedlings 
were collected, cleanly rinsed, and gently trans- 
ferred to 50-ml tubes. H,DCFDA was primar- 
ily dissolved in dimethyl] sulfoxide (DMSO) to 
10 mM and then diluted with sample buffer 
(10 mM Tris-HCl, 50 mM KCl, pH 7.2) into a 
final concentration of 50 uM for use. Samples 
were soaked in 0.01% Tween 20 and vacuumed 
for 30 min, rinsed twice with distilled water, 
and then washed with washing buffer (0 mM 
Tris-HCl pH 7.2 and 50 mM KCl). Samples 
were subsequently incubated with 50 uM 
H,DCFDA staining solution in the dark at 
room temperature for 10 min, and the excess 
dye was removed with distilled water twice. 
For the detection of apolast ROS accumulation, 
samples were prepared as the detection of 
cytosolic ROS above. Each sample was soaked 
with OxyBURST Green H2HFF BSA (100 ug 
ml ’) dissolved in 1x PBS buffer for 45 min in 
the dark, and then washed with distilled water 
to remove the excess dye. All the samples were 
examined using a Zeiss LSM 510 confocal mi- 
croscope with 488-nm excitation and 530-nm 
emission. To compare the fluorescence inten- 
sity, all axes of parameters from different 
experimental conditions were fixed simul- 
taneously and analyzed under the confocal 
microscope by using the same settings. 

Five to 20 lateral roots of each sample were 
chosen, and one to three visual fields of each 
lateral root were selected for imaging. For quan- 
tification of the intracellular ROS accumulation 
at the single-root cell level, three representative 
root cells of each visual field were selected for 
statistical data. The average value of fluores- 
cence intensity was recorded as one replicate. 
For quantification of extracellular ROS accu- 
mulation at the single-root cell level, one rep- 
resentative single cell was selected for each 
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visual field. A typical root cell contains a rec- 
tangular contour, including two lengths and 
two widths. The sum of rectangular contour 
was recorded as the fluorescence intensity of 
each replicate. The final average value of all 
repetitions was taken as the fluorescence in- 
tensity of each sample. 

A portable SPAD-502 handheld chlorophyll 
meter (Minolta, Osaka, Japan) was used to 
noninvasively measure the relative chlorophyll 
content of seedling leaves. Six biological repeats 
were performed. 


Quantification and statistical analyses 


For image quantification of HO, detection, 
six unsaturated confocal images were selected 
and analyzed with ImageJ software (https:// 
imagej.nih.gov/ij/). All data plotting and sta- 
tistical analyses were performed with GraphPad 
Prism 8.0 software (https://www.graphpad. 
com/). Details about the statistical parame- 
ters, such as the means + SDs (standard de- 
viations), SEs (standard errors), and 95% 
confidence intervals, are shown in the figure 
legends. A two-tailed Student’s ¢ test for two 
groups or a one-way analysis of variance 
(ANOVA) with Dunnett’s or Tukey’s multiple 
comparisons test for multiple groups were 
carried out. The number of samples is rep- 
resented by n. Asterisks indicate statistical 
significance: *P < 0.05; **P < 0.01; ***P < 
0.001; ****P < 0.0001; NS, not significant. 
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Surface changes observed on a Venusian volcano 
during the Magellan mission 


Robert R. Herrick’* and Scott Hensley” 


Venus has a geologically young surface, but it is unknown whether it has ongoing active volcanism. From 
1990 to 1992, the Magellan spacecraft imaged the planet’s surface, using synthetic aperture radar. 

We examined volcanic areas on Venus that were imaged two or three times by Magellan and identified an 
~2.2-square-kilometer volcanic vent that changed shape in the 8-month interval between two radar 
images. Additional volcanic flows downhill from the vent are visible in the second-epoch images, 
although we cannot rule out that they were present but invisible in the first epoch because of differences 
in imaging geometry. We interpret these results as evidence of ongoing volcanic activity on Venus. 


enus has nearly the same size and mass 

as Earth. Compositional constraints are 

consistent with Venus having an Earth- 

like abundance of radioactive elements, 

which release heat that might drive vol- 
canic activity (7). The number of impact craters 
on Venus indicates a mean surface age of a few 
hundred million years (2). However, many of 
the craters have morphologies that appear to 
have been modified by volcanic processes; if 
so, it could mean that the average surface age 
of Venus is only tens of millions of years, as 
young as Earth’s ocean basins (3). The vast 
majority of Earth’s volcanism is associated 
with crust formation at mid-ocean ridges or 
volcanic arcs above subduction zones. Venus 
does not have current plate tectonics (4). Geo- 
dynamic models of Venus that match the ge- 
ological and geophysical observations of the 
planet disagree on the expected current level 
of volcanism, variously predicting that it could 
be lower than, the same as, or many times 
higher than the level of hot spot volcanism on 
Earth (5-9). 

On Earth, the Hawaiian volcanic hot spot 
erupts every few years (10, 11). There are sev- 
eral dozen volcanoes on Venus with sizes (12) 
and gravity signatures indicative of underly- 
ing hot mantle plumes (13) larger than that of 
Hawaii’s Big Island (74). It has been predicted 
(15) that multiple basaltic eruptions might 
occur over the course of a Venusian sidereal 
day (243 Earth days). Extending this analogy 
predicts lava-flow areas covering several tens 
of kilometers over the same period (10, 11, 16). 


Magellan radar images 


From 1990 to 1992, the Magellan spacecraft (77) 
imaged the surface of Venus using synthetic 
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aperture radar (SAR) at a resolution of 100 
to 300 m. Data were recorded in overlapping 
swaths taken on the descending passes of 
the spacecraft’s highly elliptical orbit, such 
that a given surface location was imaged once 
per sidereal day as the planet rotated. Im- 
ages were acquired over three sidereal days, 
referred to as cycles. During cycle 1, ~84% of 
the planet was observed with east-looking SAR 
images. During cycle 2, gaps from cycle 1 were 
filled, and second images were acquired for 
~35% of the planet with west-looking SAR 


5°N 


0° 


5°S 


170°W 


165°W 


160°W 


images. About 15% of Venus was imaged again 
during cycle 3, with east-looking images gen- 
erally at an incidence angle (the angle from 
vertical with which the SAR beam intersects 
the surface) differing by ~20° from that used 
in cycle 1. Because ~8% of the planet was im- 
aged in all three cycles, a total of ~42% of the 
global surface area was imaged two or more 
times. 

The different imaging geometries used for 
each cycle are not conducive to automated 
methods of searching for changes due to vol- 
canic activity. We therefore performed a man- 
ual search of areas previously identified as 
most likely to possess active volcanism (J8-20) 
(table S1). The areas that we searched included 
large volcanoes identified in a published data- 
base (12) that also have geoid anomalies (a 
distortion of the planet’s equipotential sur- 
face) greater than 15 m, topographic rises (20), 
coronae considered to be active in another 
database (19), and shield volcanoes that were 
evaluated as likely being active in (/8). We re- 
stricted the search to areas that were imaged 
multiple times. Our goal was to identify vol- 
canic constructs that appeared or were altered 
in the gap between the images, such as volcanic 
cones, vents, or lava flows. 

We examined full-resolution Magellan images 
of each area of interest, looking for changes in 
geologic features that occurred between cycles 
(21). Whenever we interpreted a feature as 
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Fig. 1. Topography and SAR image of the study area on Venus. The colors indicate elevations, which 
are measured relative to the mean planetary radius from gridded Magellan altimetry. The x and y axes 
indicate planetary longitude and latitude, respectively. The background grayscale images are from cycle 
1 east-looking SAR. The black rectangle indicates the area shown in Fig. 2. 
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Fig. 2. Radar images of a vent that has changed shape. (A) East-looking 
cycle 1 image and (B) west-looking cycle 2 image of the changed vent 

and its surroundings. In the cycle 1 image, the vent appears nearly circular 
and deep with steep walls. In the cycle 2 image, the vent appears larger, 
irregular in outline, shallower, and nearly filled. The dashed yellow line 
outlines radar-bright lava flows visible in the cycle 2 image that were not 
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apparent in the cycle 1 image. (€ and D) The same images indicating the 
manually selected match points (purple dots) that were used to generate 
relative elevations (overlain in color) and to orthorectify the images. The 
black box in (C) indicates the extent of the unrectified images shown in (A) 
and (B). All images are shown in a sinusoidal projection with a projection 
longitude of 165.359°W. 


having changed, we used stereo radargram- 
metry to produce a topographic model for the 
area surrounding the feature and to ortho- 
rectify the images (27). Stereo radargrammetry 
applies stereo photogrammetry techniques to 
SAR images; terrain variations in a scene cause 
changes in the relative position of features in 
images taken from two different perspectives, 
which are exploited to derive the topography. 
The original images were then altered to ap- 
pear as if the viewpoint was directly overhead 
(orthorectification). We then used the stereo- 
derived topography and the orthorectified 
images to interpret the nature and potential 
cause of the observed change in appearance. 
We evaluated the viability of each interpre- 
tation with a simple geometric model of the 
feature, which we developed using forward 
modeling of the cycle 1 image (27). The model 
was used to simulate the appearance of the 
feature under the different viewing geometries 
(21), which were qualitatively compared to the 
cycle 2 and/or cycle 3 images. 


An active vent in Atla Regio 


Figure 1 shows gridded Magellan altimetry 
overlain on Magellan cycle 1 SAR images of an 
area in Atla Regio, Venus, which extends from 
9°S, 170°W to 6.25°N, 151°W, covering ~3.2 x 
10° km?. This area contains two of the planet’s 
largest volcanoes, Ozza Mons and Maat Mons, 
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which have previously been hypothesized to be 
locations of active volcanism (22-24). Magellan 
observed this area with east-looking images in 
cycle 1 (incidence angle 45°) and west-looking 
images in cycle 2 (incidence angle 25°). This 
area has not been imaged by Earth-based radar, 
nor was it imaged during the earlier Venera 15 
and Venera 16 missions to Venus. 

We identified a volcanic vent at 1.363°N, 
165.359°W that changed shape and expanded 
(Fig. 2) in the 8-month interval between the 
Magellan imaging in cycle 1 and 2 (February 
to October 1991). The vent is located on the 
north side of a domed shield volcano that is 
part of the larger Maat Mons volcano (23). In 
the east-looking cycle 1 image, the vent appears 
near-circular (1.5 x 1.8 km, area 2.2 km?) with 
steep interior slopes. We speculate that it 
was a drained posteruptive vent. In the west- 
looking cycle 2 image, the vent has become 
larger (4.0 km?) and irregular in shape. In 
cycle 2, the vent wall, identifiable as bright 
pixels on the vent’s west side (an east-facing 
slope) and dark pixels on its east side (west- 
facing slope), is narrow, so the vent interior and 
exterior are separated by only a few pixels in 
the 75 m/pixel radar mosaic. We interpret this 
narrowness as being due to short vent walls, 
perhaps only tens of meters high, which implies 
that the vent is nearly filled to its rim in the 
cycle 2 image. We speculate that a lava lake 
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formed in the vent interior during the 8-month 
gap between images. 

To provide regional context, we identified 
matching points in the cycle 1 and 2 images 
and used them to generate relative elevations 
and to orthorectify the images (27) (Fig. 2, C and 
D). The cycle 2 image contains a set of radar- 
bright lava flows, downhill and to the north 
of the vent, that are not visible in the cycle 
1 image. However, the topographic relief of 
the flows is not resolved by the Magellan 
data, and the two radar images were taken at 
different incidence angles. We therefore can- 
not exclude the possibility that the flows were 
present when the cycle 1 image was taken but 
were not apparent in the image, perhaps be- 
cause the surface texture makes the flows more 
distinguishable at the smaller incidence angle 
used for the cycle 2 image. The surface area of 
the flows is 69 km”, consistent with typical hot 
spot volcanism on Earth. By comparison, the 
2018 Kilauea Puna eruption in Hawaii covered 
an area of ~35 km? (25), and the associated 
caldera collapse atop Kilauea (~500-m drop) 
had an area of ~5 km? (26). 

A vent atop a volcano could expand because 
either (i) an influx of magma disrupts, fills, 
and expands the vent; or (ii) an underlying 
magma chamber drains, causing the vent to 
expand because of partial collapse. The lack of 
visible topographic features within the enlarged 
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Fig. 3. Comparison between the observations and simulated appearances 
of model vents. Radar images acquired in (A) cycle 1 and (B) cycle 2, indicating 
the changed vent, V, and an unchanged vent, U. Also visible are a smaller 

vent, S, and ridge, L. The yellow lines are interpreted as breaks in topographic 
slope in the cycle 1 (solid lines) and cycle 2 (dotted lines) images, within the 
area of the potential lava flow. Yellow rectangles indicate the regions used 

to compute the mean backscatter level for the terrain surrounding vent V in the 
Magellan data; the resulting values are labeled. Scale bar in (A) also applies to (B). 


Magellan Simulated 


4 
(C) Simulated appearances of model vents, with geometries selected to appear 
similarly to the two vents in the cycle 1 image, shown as zoomed cutouts 

from (A) for comparison. The mean backscatter in the simulated data was 
measured in the blue box, with the resulting value labeled. The parameters of 
each model are labeled. (D) The same models as they would appear in the cycle 
2 images, compared to cutouts from (B). The simulated model is consistent 
with the observations of vent U but does not match vent V in either geometry or 
radiometry. Scale bar applies to (C) and (D). 


vent in the cycle 2 image is consistent with a 
fluid (e.g., lava) having filled the vent to a 
hydrostatic level. However, the image resolu- 
tion is insufficient to rule out the interior of 
the vent being filled with debris at the time of 
cycle 2 rather than by an active or cooled lava 
lake. It is possible that the increase in vent size 
was caused by collapse rather than by mag- 
matism. If collapse occurred, it could have been 
caused by withdrawal of magma from a cham- 
ber below the vent, which flowed to feed a 
nearby eruption. The flows to the north might 
have been fed by an unresolved vent rather 
than directly from the vent that changed in 
size. Regardless of the cause, we definitively 
conclude that the vent has changed. We are not 
aware of an Earth analog for multikilometer 


Herrick et al., Science 379, 1205-1208 (2023) 


changes to a volcanic vent occurring with no 
accompanying volcanism, but we cannot rule 
out the possibility for this Venusian vent. 

No newly formed volcanic constructs, such 
as a small shield or a cinder cone, were iden- 
tified in this study area or in regions that were 
previously surveyed (table S1). 


Comparison with simulations 


To check our interpretation, we constructed a 
simple model (27) of a vent as a circular, flat- 
floored, rimless pit, to match the vent observed 
in the cycle 1 imaging conditions. We then 
examined how the model pit would appear 
under cycle 2 observation conditions and com- 
pared the model to the observed cycle 2 image 
(Fig. 3). We applied the same modeling ap- 
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proach to another vent of similar size just to 
the north, which we interpreted as unchanged 
between the two observations (Fig. 3, vent U). 
The models of the changed vent (Fig. 3, vent V) 
and vent U had rim radii, 7, of 850 and 1070 m, 
respectively, with varying depths and steepness 
of the walls. We used a simple analytic function 
(21) to describe smooth walls extending from 
the pit rim to a flat floor of radius 7; We varied 
the vent depth, D, from 175 to 675 m in incre- 
ments of 125 m for vent V and from 175 to 
875 m in increments of 175 m for vent U. The 
different increment sizes were chosen to pro- 
duce the same change in wall-slope angles, 
given the differing vent radii. We varied the 
steepness of the walls in the model by varying 
the floor radii from 400 to 625 m (shallowest 
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and steepest interior slopes, respectively) in 
increments of 75 m for the changed vent and 
from 500 to 800 m in increments of 100 m 
for vent U. We also simulated west-east ter- 
rain slopes, t,;, of 0°, 5°, 10°, and 25° (positive 
slope upward to the east). The simulation in- 
corporated a variety of radar imaging effects 
associated with noise and terrain variation 
(21). The simulated appearances of all these 
models are shown in figs. S5 to S9. Varying the 
depths and slopes of the model vent changed 
the width and magnitude of shadowing, fore- 
shortening, and layover. Varying the west-east 
slope caused the width of the pit rim to appear 
differently between opposite-look images and 
changed the apparent elongation in the west- 
east direction. 

For the changed vent, the simulation that 
visually most resembles the cycle 1 image is a 
pit with depth 175 m and floor radius 625 m 
on a 5° west-facing slope (Fig. 3). This is con- 
sistent with the surrounding stereo-derived 
topography from manual match-point selection 
(Fig. 2) and provides some west-east elonga- 
tion of the vent in the cycle 2 image. The visual 
indicators used to assess whether the model 
was similar to the observed cycle 1 image were 
the size and shape of the shadow region on the 
west side of the interior of the vent, the shape 
and magnitude of the layover region on the 
east side of the interior of the vent, and the 
ellipticity of the vent rim. The latter was 
quantified by using the ratio of north-south 
to east-west vent diameters. The cross-track 
slope was assessed by comparing mean image 
brightness between the cycle 1 and cycle 2 
images. The simulated 5° west-facing slope 
is consistent with the mean image brightness 
difference observed between the cycle 1 and 
cycle 2 images in an area just to the west of 
the vent. The observed difference is 0.9 dB, 
whereas the simulated 5° west-facing slope 
has a 1.5-dB difference (27); the corresponding 
simulated values for 0° and 10° are 3 and 0 GB, 
respectively. 

The observed cycle 2 image of vent V is 
substantially different from the simulation 
(Fig. 3). The observed cycle 2 image does not 
show elongated shadowing on the east side; 
the elongation of the simulated vent in the 
east-west direction is less than the observed 
elongation; the simulation has a prominent 
foreshortened bright western wall that is not 
present in the observed image; and the simu- 
lation cannot reproduce the vent’s kidney 
shape as viewed from above. There is no large 
shadowed region associated with the vent’s 
eastern wall in the observed cycle 2 image, 
which indicates that the vent became shallower 
than it was at the time of the cycle 1 image. 
By comparison, our model of vent U matches 
its appearance and mean backscatter in both 
imaging cycles, having a pit depth of 175 m, a 
rim radius of 1070 m, and a floor radius of 
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800 m on a west-facing slope of 0° (Fig. 3). The 
bright backscatter arc to the east of vent U (not 
included in the models) is due to an east-facing 
slope of 15° to 20°, inferred from the difference 
between cycle 1 and 2 backscatter values. 


Implications for volcanism on Venus 


On the basis of only one changed feature, we 
cannot determine how common currently ac- 
tive volcanism is on Venus. We draw a distinc- 
tion between identifying recent volcanism on 
a planet (23, 27, 28) and demonstrating that it 
is currently volcanically active. For example, 
Mars has lava flows with estimated ages of less 
than a few million years (29, 30), but no vol- 
canic activity has been identified over multiple 
decades of continuous observation. Only one 
changed feature has been identified in our 
survey of the Magellan data, and none have 
been found in kilometer-scale radar observa- 
tions from Earth that covered ~25% of Venus’ 
surface (31). The low detection rate indicates 
that Venus is less volcanically active than 
Jupiter’s moon Io, for which over 100 active 
spots have been imaged (32). We estimate that 
our search of the Magellan data has examined 
~1.5% of Venus’ surface area (table S1), account- 
ing for missing and poor data. The changed 
vent is located in a region where volcanic ac- 
tivity was thought to be most likely (22, 23). 
Our results indicate it to be unlikely that vol- 
canism on Venus has dwindled to a small frac- 
tion of Earth’s activity over the last few hundred 
million years (5, 7), but there are a wide range 
of possible activity scenarios that are compati- 
ble with Hawaiian-like levels of volcanism in 
Atla Regio. 
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Structure and mechanism of the plant RNA 


polymerase V 


Guohui Xie’+, Xuan Du?+, Hongmiao Hutt, Sisi Li?, Xiaofeng Cao’, 


Steven E. Jacobsen*®, Jiamu Du?* 


In addition to the conserved RNA polymerases | to III (Pols | to Ill) in eukaryotes, two atypical 
polymerases, Pols IV and V, specifically produce noncoding RNA in the RNA-directed DNA 
methylation pathway in plants. Here, we report on the structures of cauliflower Pol V in the free 
and elongation conformations. A conserved tyrosine residue of NRPE2 stacks with a double- 
stranded DNA branch of the transcription bubble to potentially attenuate elongation by inducing 
transcription stalling. The nontemplate DNA strand is captured by NRPE2 to enhance backtracking, 
thereby increasing 3'-5' cleavage, which likely underpins Pol V’s high fidelity. The structures 

also illuminate the mechanism of Pol V transcription stalling and enhanced backtracking, which 
may be important for Pol V’s retention on chromatin to serve its function in tethering downstream 


factors for RNA-directed DNA methylation. 


ranscription by DNA-dependent RNA 

polymerases (DdRPs) transmits genetic 

information from DNA to RNA. Whereas 

RNA polymerases I to III (Pols I to III) 

are conserved in most eukaryotes (1), 
plants have two additional polymerases, Pols 
IV and V, that are involved in the plant-specific 
RNA-directed DNA methylation (RdDM) path- 
way (2-7). In RdDM, Pol IV transcripts are 
used by RNA-DEPENDENT RNA POLYMERASE 
2 (RDR2) to produce double-stranded RNAs 
(dsRNAs), which are subsequently processed 
by DICER-LIKE 3 (DCL3) into small inter- 
fering RNAs (siRNAs) that are loaded into 
ARGONAUTE 4 (AGO4) (8-19). In a second 
downstream step, Pol V produces long non- 
coding RNA transcripts that serve as a scaf- 
fold to bind the AGO4-siRNA complex, which 
then recruits the DNA methyltransferase DO- 
MAINS REARRANGED METHYLASE 2 (DRM2) 
to mediate DNA methylation and gene silenc- 
ing (20-24). Therefore, Pol V serves the dual 
role of both producing transcripts and tether- 
ing other factors to chromatin. Despite having 
evolved from Pol II, the Pol IV-V-clade DdRPs 
have substitutions in multiple subunits and 
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critical residues that are adapted to their dis- 
tinctive functions (25-27). Pols IV and V were 
both reported to require RNA primers and to 
show weaker in vitro transcription activity as 
compared with Pol II (72). Pol IV is also more 
error-prone than Pol II, whereas Pol V was 
reported to have higher fidelity (28). Although 
structural studies have been essential for un- 
derstanding the mechanism of Pols (73, 29-34), 
determining a structure for Pol V has remained 
a challenge. 


Structure determination of cauliflower 
Pol V 


To investigate the Pol V transcription mech- 
anism, we obtained a monoclonal antibody 
against a C-terminal peptide of cauliflower 
(Brassica oleracea var. botrytis) NRPE1, a dis- 
tinctive Pol V subunit. We used this antibody 
to purify Pol V from cauliflower inflorescence 
(Fig. 1A and fig. S1, A and B), a tissue enriched 
in dividing cells and DdRPs (35, 36). All 12 sub- 
units of Pol V were confirmed in the purified 
material by mass spectroscopy (MS) (fig. S1, 
B and C). Although Arabidopsis Pol V was 
shown to only transcribe the bipartite scaf- 
fold of a template DNA (DNA7) plus an RNA 
primer (J2), the purified B. oleracea Pol V 
(BoPol V) showed substantial transcription ac- 
tivity toward both a bipartite scaffold and a 
transcription bubble (fig. $1, D and E). We de- 
termined the cryo-electron microscopy (cryo- 
EM) structures of BoPol V in both apo and 
transcription bubble-containing elongation 
complex (EC) conformations at 3.57- and 
2.73-A resolution, respectively (Fig. 1, figs. S2 
to S4, and tables S1 and S2). Overall, the two 
structures were similar with a superimposi- 
tion root mean square deviation of 0.8 A. De- 
spite being detected by MS, the NRPE4 and 
NRPE7 subunits could not be traced in the 
density, whereas the other 10 subunits could 
be traced and modeled in both states. In Pol I, 
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the RPB4-RPB7 subcomplex interacts with the 
clamp domain of RPB2 and the C terminus of 
RPBI (37). These two regions showed weak 
density in our Pol V structure, which suggests 
loose binding and/or flexible conformations 
of NRPE4-7, potentially explaining why they 
were missing in our structure. 


Overall structure of BoPol V 


Both Pols IV and V evolved from Pol II (38). 
In Arabidopsis, Pol V has distinctive subunits 
NRPEI, NRPE5, and NRPE7, whereas NRPE 
(D)2 and NRPE(D)4 are shared by Pols V and 
IV but are different from those in Pol II. All 
other small subunits are shared by Pols I, IV, 
and V (27). The overall structure of Pol V adopts 
the classic Pol architecture and resembles other 
Pols, especially Pol IV (fig. S5) (13, 30, 31, 33). 
Like Pol IV, Pol V lacks the binding surface 
for Pol II transcription factors, such as the 
initiation-related factor TFIIB and cleavage- 
related factor TFIIS (fig. S6, A and B) (39, 40). 
This is consistent with the lack of these fac- 
tors in our MS data and indicates that Pol V 
acts via a distinctive regulatory mechanism 
compared with Pol II. Despite being encoded 
by different genes, NRPE5 resembles RPB5 of 
Pol II and NRPD5 of Pol IV (fig. S6C). By con- 
trast, NRPE9, which is common to Pols II, IV, 
and V, displays notable structural differences 
in the different Pols. Although the NRPE9 N- 
terminal jaw domains of Pols II, IV, and V 
occupy similar positions, the C-terminal zinc 
ribbon domain of NRPE9 occupies a specific 
position to interact with NRPE1, which is dif- 
ferent from that seen in Pol II, in which RPB9 
interacts with RPB2 (fig. S6D) (73, 30). Com- 
pared with Pol IV, the Pol V NRPE9 zinc ribbon 
domain resides in a similar position but has a 
~40° rotation (fig. S6E) (13). The funnel domain 
of Pol V NRPEI is ~50 residues shorter than 
that of Pol IV NRPDI, resulting in a reduced 
binding interface between NRPE1 and the 
NRPE9 zinc ribbon domain (figs. S6F and S7). 

In the EC structure, the last 3’-end RNA nu- 
cleotide is linked to the RNA (fig. S4Q). It pairs 
with the DNA; and occupies the +1 position 
(Fig. 2A), representing a pretranslocation con- 
formation (42). In the active center of DdRPs, 
two Mg”* ions, metals A and B, are involved in 
RNA substrate and incoming nucleoside tri- 
phosphate (NTP) binding and catalysis (fig. 
S8A) (41. Because we did not observe NTP 
binding in our structure, only one Mg”* ion at 
the metal A binding site was observed to be 
coordinated by Asp“*’, Asp**!, and Asp*”? of 
NRPE1, forming the catalytic site, consistent 
with a previous biochemical and genetic study 
(25) (Fig. 2A and fig. S8B). Like other Pols, the 
active center of Pol V has two essential struc- 
tural elements: the bridge helix (BH) and 
the trigger loop (TL) (Fig. 2A). The Pol V BH 
resembles the Pol II BH, despite multiple se- 
quence variations (29, 41) (Fig. 2B and fig. S7). 
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Fig. 1. Structures of BoPol V in apo and elongation conformations. (A) Domain architecture of BoPol V subunits. The sequence of NRPE1 C-terminal peptide for 
antibody production is listed. (B) Cryo-EM map of BoPol V in apo form. (C) Structure of BoPol V in the apo form. The subunits are colored as in (A). (D) Nucleic 
acid scaffold for EC formation. (E) Cryo-EM map of BoPol V in complex with a transcription bubble. (F) Structure of BoPol V in the elongation conformation. 


site of NRPE1; NRPElpy, Pol Il apo Pol V apo 


the bridge helix of NRPE1; RNA 
NRPE1t,, the trigger loop of : 
NRPEL. (B) Superimposition 
of the BH of BoPol V in 

the apo and elongation 
states and yeast Pol II in 
the apo [Protein Data 
Bank (PDB) ID 1150] and 
elongation (PDB ID 2E2H) 
states, which shows no 
appreciable conforma- 
tional change. (C and 

D) Superimposition of the TL of yeast Pol Il in the apo (PDB ID 1150) and elongation (PDB ID 2E2H) states (C) and BoPol V in the apo and elongation states (D), which 
show that the TL of Pol Il is more flexible, whereas Pol V TL is less flexible. D, Asp. 
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Fig. 3. The interaction between NRPE2 and the transcription bubble. 

(A) Cryo-EM map of the transcription bubble. (B) Schematic of the overall 
interactions between BoPol V and the transcription bubble. The nucleotides 
observed in the structure are colored in black and the unobserved ones 

in white. The residues of NRPE1 and NRPE2 are colored in blue and green, 
respectively. (©) DNAnr-UPR is clamped between the NRPE2 fork (NRPE2Fork) 
and lobe (NRPE2, p<) domains. Other regions of NRPE2 are colored in green. 
(D) NRPE2po, residue Tyr4°° stacks with the Al6-G19' pseudo-pair and hydrogen 


The Pol V TL is shorter than that in Pol II and 
also exhibits sequence variations (fig. S7). In 
contrast to the Pol II TL which shows con- 
formational change in the transition from the 
apo form to the EC form (29, 47) (Fig. 2C), the 
TL in both the Pol V apo and EC structures 
adopts a similar compacted conformation 
(Fig. 2D), which suggests less conformational 
flexibility of the Pol V TL. Compared with 
Pols I and IU, although their BHs adopt con- 
formations similar to that of Pol V (fig. $8, C 
and D), the TLs of Pols I and III are flexible 
such that they are partially disordered in 
both the apo and EC forms (fig. S8, E and F) 
(31, 33, 42). Given that the TL conformational 
dynamics is required for NTP substrate bind- 
ing to promote the transcription reaction, 
the less-flexible Pol V TL may decrease the 
NTP incorporation, resulting in lower activ- 
ity (12, 41). 
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Interactions between NRPE2 and the 
transcription bubble 

Except for some terminal nucleotides, the en- 
tire transcription bubble, including the unpaired 
region of the nontemplate DNA (DNAy;-UPR), 
which is often disordered in Pol II structures 
(43, 44), can be fully traced and modeled in 
our Pol V EC structure (Fig. 3, A and B). This is 
likely due to the extensive interactions between 
DNAyr-UPR and NRPE2 (Fig. 3B), the shared 
second subunit of Pols IV and V. Overall, DNAyr;- 
UPR is clamped between the lobe and fork 
domains of NRPE2 (Fig. 3C). At the downstream 
double-stranded DNA (dsDNA) branching site 
of the transcription bubble, the first unpaired 
nucleotides, G19’ of the DNAnr and A16 of the 
DNAvz, form a pseudo-pair (Fig. 3D), probably 
mimicking the last DNA base pair in natural 
transcription. The NRPE2 fork loop residue 


Tyr**°_which is conserved in NRPE(D)2 across 
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bonds with the phosphate group of G17. (E) Structure-based sequence alignment 
of the NRPE(D)2 from multiple species and NRPA2, NRPB2, and NRPC2 

is conserved only in the NRPE(D)2 clade but not in others. 
(F to 1) DNAyr-UPR bases G14’ (F), Al6' (G), T17' (H), and T18' (|) are 
accommodated by surface pockets of NRPE2. Single-letter abbreviations for 
the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; 
G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg: 

S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 


multiple species, but not in the NRPA2, NRPB2, 
and NRPC2 clades (Fig. 3E)—specifically in- 
serts to the DNA branching position to stack 
with the upcoming A16-G19’ pseudo-pair while 
also forming a hydrogen bond with the phos- 
phate group of the DNA; G17 (Fig. 3D). The 
specific stacking and hydrogen-bonding inter- 
actions by the bulky side chain of Tyr*”? may 
help Pol V to stabilize the transcription bub- 
ble, potentially allowing Pol V pausing to help 
it serve as a scaffold to recruit downstream ef- 
fectors, and not only to produce and release 
RNA transcripts. Moreover, bases G14’, A16’, 
T17', and T18’ of DNAy;-UPR are anchored, 
through extensive interactions, by a series of 
surface base-binding pockets on NRPE2 (Fig. 
3, B and F to I, which stabilizes their relative 
positions and potentially slows down transcrip- 
tion. The Pol V-bound DNAyr-UPR could be 


nicely modeled onto that of Pol IV but showed 
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the steric clashes with Pol I and III and a loss 
of specific interactions upon modeling into Pol 
II (fig. S9) (73, 30, 31, 33), suggesting that this is 
a feature specific to the Pol IV-V clade. 


BoPol V attenuates transcription elongation 


To investigate the biochemical relevance of 
our structures, we performed in vitro tran- 
scription assays using purified BoPol V and 
transcription bubble substrates with differ- 
ent gaps between the RNA primer 3’ end and 
the downstream dsDNA branching site, which 
are stacked by Tyr*®? in our structure (Fig. 4A, 
scaffolds 2 to 5). Pol V showed substantial 
transcription activity, with an accumulation 
of transcript corresponding to the unpaired 
region of DNA; (DNA;-UPR) (Fig. 4B). By con- 
trast, the bipartite substrate lacking the DNAyr 
did not show accumulation of a specific tran- 
script (Fig. 4B), which demonstrates tran- 
scription pausing at the downstream DNA 
branching site, consistent with NRPE2 Tyr*” 
obstructing Pol V translocation at this site. 
Low levels of longer transcripts were also ob- 
served with the transcription bubble substrates 
(Fig. 4B), which indicates that Pol V has a 
weak ability to open downstream paired DNA. 
By contrast, purified cauliflower Pol II (fig. S10) 
produced longer transcripts without an accu- 
mulation of DNA;-UPR transcription product 
(Fig. 4C), suggesting that transcription paus- 
ing at the branch site is a specific feature of 
Pol V, or more generally of the Pol IV-V clade, 
consistent with Tyr*®? being conserved in 
NRPE(D)2 but not in that of the other clades 
(Fig. 3E). Our results suggest that Pol V has 
relatively high transcriptional activity on the 
DNA,-UPR but is less efficient in opening 
paired DNA, likely because of the conserved 
bulky Tyr*® stacking with, and blocking ac- 
cess to, downstream paired DNA. Because the 
natural template is always fully paired, Pol V 
may constitutively exhibit low transcription ac- 
tivity, plausibly contributing to transcriptional 
pausing and thereby enhancing Pol V retention 
on chromatin to support its function in tether- 
ing chromatin factors to promote RdDM. 


NRPE2-DNAnrt-UPR interactions 
enhance backtracking 


Transcription pausing is a key step in the in- 
duction of transcription backtracking and sub- 
sequent 3'-5’ cleavage for proofreading (39, 45). 
Consistent with transcription pausing, abundant 
bands corresponding to the RNA-backtracked 
3'-5' cleavage product were observed in our 
Pol V activity assays (Fig. 4 and fig. S1, D and 
E). In the presence of Mg”* and absence of 
NTP, Pol V almost exclusively showed RNA 
primer cleavage activity without transcrip- 
tion elongation (Fig. 4C). EDTA inhibited this 
cleavage, which confirmed a Mg**-dependent 
cleavage mechanism, similar to that of Pol II 
(Fig. 4C) (39). Addition of NTP and Mg”* trig- 
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Scaffold 6 
5’ FAM-UAUAUGCAUAAA 
TACTGGTCCGAAT 
ATGAGCAT TCATGAACTCGAA 
TACTCGTA AGTACTTGAGCTT 
AGCTAGTATT ae 
GAC 
Scaffold 7 
5 sl teeta cn c cn g g a. 
ATGAGCAT TCATGAACTCGAA 
TACTCGTA AGTACTTGAGCTT 
TAGTATTGAC Pol V Pol Il 
cc Ctrl S3 S5X Ctrl_ $3 S5X 
Scaffold 8 : 3 
, _ 
5’ FAM-UAUAUGCAUAAA — 
TACTGGTCCGAAT 
ATGAGCAT TCATGAACTCGAA 
TACTCGTA AGTACTTGAGCTT 
Scaffold 5X (X=AP site) 
5/ FAM- aces cn c ch g g Can 
ATGAGCAT TCATGAACTCGAA 
TACTCGTA AGTACTTGAGCTT 
AGCTAXXXXXGAC 
Fig. 4. In vitro biochemical assay. (A) Nucleic acid scaffold design. The RNA is 5’-labeled by fluorescein 


amidite (FAM) and highlighted in red, whereas the downstream DNA;-UPR is highlighted in blue. In scaffolds 
6 and 7, the oligos are disconnected at the lines. (B) Transcription assay using different substrate bubbles 
shows accumulation of transcription products of the downstream DNA;-UPR, as highlighted by the red arrows. 
C, cleavage product; Ctrl, control; S1, scaffold 1; T, transcription product. (€) RNA primer 3'-5' cleavage activity of 
Pol V is stimulated by Mg** and suppressed by EDTA, whereas transcription elongation requires NTP. Compared 
with Pol Il, Pol V showed stronger 3'-5' cleavage activity but weaker transcription activity. Sub, substrates. 

(D) Transcription assay using bubbles with different designs of the DNAyr shows that the downstream DNA 
branching site and the DNAyt-UPR are important for both the transcription and cleavage activities of Pol V. 

(E and F) Substitution of the NRPE2-interacting DNAy;-UPR bases by AP sites reduced the 3'-5' cleavage activity 
of Pol V (E) but not of Pol Il (F), and these substitutions did not change transcription activity. The images shown 
in (B) to (F) are polyacrylamide gel electrophoresis (PAGE) results. 


gered BoPol V transcription elongation while 
maintaining strong cleavage (Fig. 4C). By 
contrast, under the same reaction conditions, 
BoPol II showed stronger transcription elon- 
gation and lower cleavage activity (12, 28) 
(Fig. 4C). For the DdRP proofreading func- 
tion to achieve high fidelity (45), 3’-5’ cleavage 
is required, which is consistent with the hy- 
pothesis that enhanced 3’-5’ cleavage activity 
underpins the higher fidelity of Pol V (28). 
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Excluding the A16-G19’ pseudo-pair, the Pol V 
transcription bubble contains a DNAy;-UPR 
of 10 nucleotides (nt) with the downstream 
branching site-proximal bases T18’, T17’, A16’, 
and G14’ specifically captured by NRPE2 (Fig. 3, 
B and F to J), a Pol V-specific feature not ob- 
served in other Pols. To analyze the roles of 
the DNAyr-UPR and the downstream branch 
in Pol V transcription, we designed a series 
of transcription bubbles. Compared with the 
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intact transcription bubble, breaking the 
DNAwnr at the downstream branch site or 
removing the DNAyr-UPR (Fig. 4A, scaffolds 
6 and 8) resulted in similar patterns that 
decreased both transcription and cleavage ac- 
tivities (Fig. 4D). This is likely because of the 
loss of interaction with the downstream reac- 
tion center in both cases. DNAyr breakage at 
the upstream branch site (Fig. 4A, scaffold 7) 
resulted in almost full transcription activity 
and partial cleavage activity, relative to the 
intact bubble (Fig. 4D). Moreover, the short- 
ening of DNAyr while only keeping the 
downstream paired region decreased both 
the elongation and cleavage activities as 
well (fig. S11). Overall, these data suggest 
that the downstream branch and DNAyr- 
UPR conformation both influence transcrip- 
tion and cleavage activity. 

To investigate the NRPE2-DNAyy;-UPR inter- 
action that is specific to Pol V (Fig. 3, B and F 
to I), we eliminated individual DNAy;-UPR 
nucleotides by replacing them with an apurinic- 
apyrimidinic (AP) site while retaining DNAy;- 
UPR integrity (fig. S12A). The loss of DNAy;-UPR 
bases mildly reduced cleavage activity, with 
downstream bases having a greater effect than 
upstream ones (fig. S12B), which is consistent 
with downstream DNAyr;-UPR nucleotides hav- 
ing more interactions with NRPE2 (Fig. 3B). 
By contrast, all substitutions retained transcrip- 
tion activity similar to that of the unmodified 
substrate (fig. S12B). Nevertheless, all of the 
different individual substitutions only weakly 
affected cleavage activity. We also simultane- 
ously substituted five contiguous downstream 
DNAyr-UPR nucleotides with AP sites (Fig. 4A, 
scaffold 5X), which yielded a loss of cleavage 
activity but did not affect the elongation (Fig. 4E). 
By contrast, this multiple substitution showed 
no effect on either transcription or cleavage 
using BoPol II (Fig. 4F), which suggests that 
the importance of these base interactions is 
specific to Pol V, or likely the Pol IV-V clade. 
These results suggest that the interaction of the 
DNAyr-UPR with NRPE2 is mainly respon- 
sible for enhancing Pol V cleavage activity. The 
3'-5' cleavage of all Pols requires transcription 
bubble backtracking to feed RNA into the ac- 
tive site on the largest subunit, that is, NRPE1 
in Pol V. Therefore, the NRPE2-DNAy;-UPR 
interaction promotes increased backtracking 
to feed RNA into NRPE1, resulting in enhanced 
Pol V 3-5’ cleavage activity, a mechanism dif- 
ferent from the intrinsic backtracking that is 
common in Pols. 


Discussion 


Distinct from Pols I to III, whose principal func- 
tion is producing transcripts for release, Pols IV 
and V have evolved specialized transcription 
features adapted for RdDM. For example, Pol 
IV generates a single-stranded RNA 3’ end as 
a substrate for RDR2 through backtracking 
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(73), and Pol V likely limits its transcription 
rate to prolong its chromatin occupancy, there- 
by providing a scaffolding function for the 
recruitment of chromatin factors. We spec- 
ulate that the Pol IV-V-clade DdRPs evolved 
the shared NRPE(D)2 subunit so that they 
can stall transcription through the conserved 
NRPE(D)2 tyrosine residue and enhance back- 
tracking through the NRPE(D)2-DNAy;-UPR 
interactions. In the case of Pol V, the strong 
backtracking and transcription stalling may 
regulate the equilibrium between forward 
and backward steps, which delays termination 
and release of transcripts and thus leads to 
Pol V-long noncoding RNA complex reten- 
tion on chromatin to promote its scaffolding 
function. This may also explain the short and 
relatively uniform length of Pol IV transcripts 
(35 to 50 nt) (8, 13, 17). Pol IV likely backtracks 
to feed RNA into RDR2 through an interpoly- 
merase channel that likely bypasses cleavage 
(13), which may also explain its lower fidelity 
(28). Given NRPE(D)2-induced transcription 
stalling and high backtracking activity, Pol IV- 
RNA is unable to undergo long extension be- 
fore backtracking. Pol IV-RNA may be cap- 
tured by RDR2 once the nascent transcript is 
long enough to trigger the dsRNA synthesis by 
RDR2 and subsequent termination of Pol IV 
transcription (13). 
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KONDO INSULATORS 


Visualizing the atomic-scale origin of metallic 
behavior in Kondo insulators 
Harris Pirie’, Eric Mascot’, Christian E. Matt’, Yu Liu’, Pengcheng Chen’, M. H. Hamidian’, 


Shanta Saha‘, Xiangfeng Wang‘, Johnpierre Paglione*, Graeme Luke®, David Goldhaber-Gordon®”, 
Cyrus F. Hirjibehedin®®"°+, J. C. Séamus Davis”""!245, Dirk K. Morr®, Jennifer E. Hoffman™* 


A Kondo lattice is often electrically insulating at low temperatures. However, several recent experiments 
have detected signatures of bulk metallicity within this Kondo insulating phase. In this study, we visualized 
the real-space charge landscape within a Kondo lattice with atomic resolution using a scanning tunneling 
microscope. We discovered nanometer-scale puddles of metallic conduction electrons centered around 
uranium-site substitutions in the heavy-fermion compound uranium ruthenium silicide (URu2Siz) and around 
samarium-site defects in the topological Kondo insulator samarium hexaboride (SmBg). These defects 
disturbed the Kondo screening cloud, leaving behind a fingerprint of the metallic parent state. Our results 
suggest that the three-dimensional quantum oscillations measured in SmBg arise from Kondo-lattice defects, 
although we cannot exclude other explanations. Our imaging technique could enable the development of 
atomic-scale charge sensors using heavy-fermion probes. 


hen the electrons in a material inter- 

act strongly with one another, they 

often produce unexpected behavior. 

Above a characteristic temperature 

Tx, a lattice of local fmoments within 
a conducting Fermi sea behaves like an ordinary 
magnetic metal, with a Curie-Weiss suscepti- 
bility. But below 7x, the competition between 
antiferromagnetic ordering of the local mo- 
ments and their screening by conduction elec- 
trons leads to a rich phase diagram, exhibiting 
quantum criticality (7), unconventional super- 
conductivity (2), and heavy fermions (3, 4)— 
quasiparticles with felectron character (Fig. 
1A). A Kondo insulator forms if the spectral 
gap opened by hybridization between the con- 
duction band and the renormalized f band 
spans the Fermi level. Mysteriously, some Kondo 
insulators seem to “remember” their metallic 
parent state long after this gap is fully de- 
veloped. For example, the topological Kondo 
insulator samarium hexaboride (SmBg) displays 
a sizable bulk optical conductivity at terahertz 
frequencies (5) and a finite electronic specific 
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heat at low temperatures (6-9). A complete 
three-dimensional (3D) Fermi surface match- 
ing its high-temperature metallic state was re- 
constructed from quantum oscillation (9, 10) 
and Compton scattering (/7) measurements 
performed in the insulating regime. Notably, 
these metallic properties persist even as the 
bulk resistivity of SmBg increases by 10 orders 
of magnitude (72). This discrepancy led to sev- 
eral theoretical proposals: Some argue that the 
metallic behavior is intrinsic, either a conse- 
quence of the small hybridization gap in Kondo 
insulators (13) or arising from exotic charge- 
neutral quasiparticles (14, 15). Others suggest 
an extrinsic origin (16-19), which implies the 
presence of microscopic metallic pockets. 
Charge inhomogeneity is commonplace at 
nanometer length scales, especially in mate- 
rials with strong electron interactions that 
promote competing orders (20). In a Kondo 
lattice, defects that substitute or remove the 
f-contributing moment, called Kondo holes, 
have a widespread impact on the nearby elec- 
tronic structure (27-23). First, these defects 
locally untangle the hybridized wave function, 
leaving puddles of unhybridized conduction 
electrons behind (Fig. 1B). In theory, these 
charge puddles should have the same itinerant 
character as the metallic parent state (22), but 
they have not been imaged directly. Addition- 
ally, the excess conduction electrons released 
from hybridization adjust the strength of their 
interactions with the remaining f moments 
(22, 24), leading to enhanced local magnetism 
(25) (Fig. 1C). For example, Sm,_,La,Bg sam- 
ples with nonmagnetic La dopants are known 
to display increased specific heat and mag- 
netic susceptibility compared with undoped 
samples (26-28). More recently, the existence 
of local metallic puddles around Gd dopants in 
Sm,_,Gd,Bg was inferred from electron spin- 
resonance measurements (29). Meanwhile, an 
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increased concentration of Sm vacancies in 
Sm,_,Bg was shown to globally inhibit the 
development of the hybridization gap (30), 
eventually leading to bulk conduction (72, 37). 
All of these findings suggest that Sm-site de- 
fects manifest as Kondo holes in SmBg, yet 
their key signature—the accompanying charge 
oscillations relating to the parent metallic 
Fermi surface (22)—remains undetected by any 
microscopic probe. 

Directly imaging the metallic puddles around 
Kondo holes is difficult, because the inherent 
screening strongly renormalizes the bare charge 
distribution. However, there are a few prom- 
ising approaches (32-34). The most common 
is to decorate the tip of a Kelvin probe force 
microscope with a single atom or molecule 
(35, 36). This technique was used to image 
the charge variations within an adsorbed mol- 
ecule (37). However, it becomes inaccurate for 
small tip-sample separations, because of the 
influence of short-range forces (38, 39), com- 
plicating further improvements to its spatial 
resolution (40). Meanwhile, a scanning tun- 
neling microscope (STM) routinely achieves 
the subnanometer spatial resolution, cryogenic 
temperatures, and sub-milli-electron volt (sub- 
meV) energy resolution required to access 
atomic charge distributions, but existing meth- 
ods to extract the electrostatic potential from 
the STM vacuum decay length contain substan- 
tial artifacts (41). Consequently, simultane- 
ously achieving the high charge precision and 
high spatial resolution required to measure 
the charge environment around a Kondo hole 
is not possible using existing techniques. 

We have developed a dedicated STM modal- 
ity to image the charge environment within a 
Kondo lattice with sub-angstrom resolution. At 
temperatures below 7x, we image charge oscilla- 
tions matching the parent Fermi surface centered 
around spinless thorium atoms in the Kondo 
metal uranium ruthenium silicide (URu2Siz) and 
around three separate Sm-site defects in the 
Kondo insulator SmBg. The charge puddles we 
image in SmBg exhibit the same metallic wave 
vector seen in recent quantum oscillation ex- 
periments (9, 10), suggesting that Kondo-lattice 
defects are the source of those oscillations. 


Measuring local charge density in 
a Kondo lattice 


To visualize the conduction-electron density 
n(r) in a Kondo lattice [and hence the local 
charge —en,(r), where —e is the electron charge], 
we first show theoretically that 2,(1r) determines 
the energy position of the Kondo resonance 
€,(r), which forms near the Fermi level as the 
magnetic f moments are screened by conduc- 
tion electrons. Then, we establish an exper- 
imental metric capable of detecting the sub-meV 
variations in €(r) around a Kondo hole. Our 
technique takes advantage of how the many- 
body Kondo resonance responds to local doping. 
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In the Abrikosov fermion representation for 
local moments, é€; is the Lagrange multiplier 
that enforces uniform felectron density, typ- 
ically n¢ = 1 at each site. As additional charge 
carriers An, enter a uniform Kondo lattice, the 
hybridized Fermi surface reshapes to accom- 
modate them, leading to a corresponding 
change in €¢ in order to maintain n; = 1 (Fig. 
1D, black triangles, and fig. S2E). The mag- 
nitude and direction of the shift iné, depend 
on the details of the band structure. But the 
relationship between n, and é; is linear over 
a wide range of band parameters and charge 
doping (fig. S2), implying that the charge den- 
sity at position r can usually be inferred by 
measuring €¢(r). In fact, the linear dependence 
of €¢(r) on .(r) was recently verified experi- 
mentally by micrometer-scale angle-resolved 
photoemission spectroscopy (ARPES) measure- 
ments in Eu-doped SmBg (42). 

In STM measurements, the Kondo resonance 
normally appears as a peak-dip feature in the 
tunneling conductance dI/dV (43) (where J is 
the sample-to-tip tunneling current at applied 
sample bias V), because of the presence of 
multiple tunneling channels (44, 45) (see cal- 
culation in Fig. 1D). In simple cases, €y can be 
estimated by fitting d//dV to a Fano-like model 
(46, 47). However, the exact value of €; de- 
pends on the model used, so this approach is 
not immediately suitable for detecting the 
small, sub-meV energy shifts in €; (rr) expected 
around a Kondo hole. Instead, we track the 
ratio of forward-to-backward tunneling cur- 
rent, that is, the local rectification R(r,V) = 
I(r, +V)/I(r, —V)|. This ratio is insensitive 
to STM setup artifacts, and it was previously 
used to track charge inhomogeneity from the 
spectral weight transfer at high biases in hole- 
doped cuprates (48). We focus on low biases, 
typically V< 10 mV, where the small shifts in 
€,(r) generate large variations in R(r,V) owing 
to the energy asymmetry of d//dV about the 
Fermi level at V = 0 (Fig. 1, D and E, and fig. 
$2). To demonstrate this effect locally, we self- 
consistently calculated d/(r,V)/dV, n.(r), and 
R(@,V) around a Kondo hole in a metallic 
Kondo lattice, as shown in Fig. 1, F to H. The 
calculated di(r,V)/dV at V = 0 tracks the local 
Fermi-level density of states, so it reveals the 
hybridized Fermi surface of heavy fermions 
with a wave vector 2K In contrast, both 2,(r) 
and R(r,V) are dominated by static oscillations 
at the unhybridized wave vector 2k, asso- 
ciated with the Friedel-like redistribution of 
the Kondo screening cloud. The correlation 
between 7,(r) and R(r,V) establishes R(r,V) as 
a qualitative probe of local charge, except at 
very short distances from a Kondo hole (|r|~a), 
likely because 7 = 1 is not enforced at that site. 


Kondo holes in URu,Siz 


To test our technique, we first studied the 
Kondo metal URu,Si, with 1% thorium dop- 
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Fig. 1. Expected disruption of the screening cloud around Kondo holes. (A) |n a uniform Kondo lattice, 
magnetic moments at each site (gray arrows) are coherently screened by itinerant conduction electrons 


(blue cloud) to form a spinless ground state of heavy fermions (orange line), characterized by the wave 
vector kf. (B) If one moment is removed to create a Kondo hole, the conduction electrons previously 
screening it can redistribute themselves. (C) The redistributed screening cloud causes oscillations of the local 
conduction electron density n.(r), interaction strength v(r), and magnetic susceptibility y,,(r) at the 
conduction-band wave vector kf, as shown schematically. (D) In a uniform Kondo lattice, the Kondo resonance 
creates a peak-dip feature in the calculated d//dV, caused by the quantum interference between 

tunneling into the conduction band and the f-electron states with respective amplitudes t, and t;. The 
energy position of the peak (black triangles) shifts linearly according to the local conduction-electron 


density ng. a.u., arbitrary units. (E) The calculated rectification R(V) = |I(+V) /l(— 


V)| acquires a strong 


peak because d//dV is asymmetric around the Fermi level Fe (which occurs at V = 0). The R(V) peak 
amplitude depends on the d//dV peak energy. These changes are almost linear over the small range of 
local doping expected around a Kondo hole (inset). (F) The calculated oscillations in d/(r,V)/dV at the 
Fermi level around a Kondo hole match the hybridized Fermi surface (kf, orange line in inset). (G) In contrast, 
the calculated n.(r) varies according to the circular wave vector of the unhybridized Fermi surface (kg, 
blue line in inset), as it mainly reflects the disturbance to the screening cloud. (H) Calculated R(r,V) 

is dominated by unhybridized electrons for biases within the hybridization gap. The calculations in (D) to 
(H) are based on a Kondo-Heisenberg model with nearest-neighbor hopping strength t, Kondo coupling 


J = 2t, antiferromagnetic exchange | 


= 0.002t, and tunneling amplitudes t;/t, = -0.025. In (D) and (E), the 


hybridization strength is fixed at v = O.1t, and the antiferromagnetic correlation strength is fixed at x = 


0.0003t. The Fermi wavelength is A¢ = 


ants, which are known to induce Kondo-hole 
behavior (24, 49). Previous STM measure- 
ments mapped a metal-like Fermi surface in 
URu.Si, for temperatures above T, = 17.5 K, 
consisting of a single conduction band with 
wave vector ky, = 0.3 n/a, where a is the lattice 
constant (Fig. 2A) (46). The onset of coherent 
heavy fermion bands below T, (50) is accom- 
panied by the appearance of a peak-dip feature 
in dl/dV, that is, the Kondo-Fano resonance 
(Fig. 2B). Close to a thorium dopant, this fea- 
ture shifts upward in energy, toward the Fermi 
level. This energy shift—and even the barely 
perceptible shifts 2 nm away from the dopant— 
are easily detected in the amplitude of R(r,V) 
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8aq in (F) to (H), where ao is the lattice spacing. 


(Fig. 2C). For biases within the hybridization 
gap|V| < A/e=5 mV (where A is the gap mag- 
nitude), R(r,V) displays widespread spatial os- 
cillations emanating from thorium dopants, as 
shown in Fig. 2, D to F. Their wave vector of 
0.29 + 0.01 (2n/a) agrees with the hybridiza- 
tion oscillations previously measured around 
Kondo holes in this compound (24). It matches 
the URu,Siy parent metallic Fermi surface de- 
tected above 7, from our measured quasipar- 
ticle interference patterns in d/(r,V)/dV at 
V = 0,7 but it is distinct from the heavy bands 
that we measured below T, (Fig. 2G). As a final 
check, we independently extracted €¢(r) by fit- 
ting di(r,V)/dV curves to a Fano model (fig. S3). 
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The excellent agreement between é(r) and 
R(r,V) corroborates the existence of charge 
oscillations at 2k in URupSis, indicating that 
some electrons retain their itinerant character 
around Kondo holes, even below 75. 


Metallic puddles in SmBg 


In our Kondo insulating SmBg, samples, any 
atomic defect that replaces a Sm atom to alter 
the 4f moment could generate metallic pud- 
dles like those seen in URu,Siz. We searched 


Fig. 2. Thorium dopants induce Kondo-hole 
behavior in URu2Siz. (A) Schematic band structure 
of URu2Siz showing the onset of heavy fermion 
bands (gray solid lines) at temperatures below T, = 
17.5 K, as itinerant conduction electrons (blue 
dashed line) hybridize with a renormalized 5f level 
(gray dashed line), reducing the Fermi wave 

vector from ke to k®. (B) Experimental measurement 
of an asymmetric Fano line shape in the tunneling 
conductance at temperatures below 7, on the U 
termination (gray curve). This feature shifts toward 
the Fermi level near a thorium dopant (black 
triangles), consistent with an expected change 

in local charge density. (C) For a fixed bias, the 
R(V) peak amplitude (black triangle) is highly 
sensitive to the d//dV peak position. The spectra in 
(B) and (C) are averaged over the 18 well-isolated 


thorium dopants marked in (D). (D) The measured 
R(r,V) exhibits clear oscillations that manifest as a 


for these puddles in flux-grown samples lightly 
doped with Fe, which contain two clear Sm- 
site defects: Sm vacancies and Fe substitutions 
(Fig. 3B). We focused on the (2x1) Sm termi- 
nation, as its charge environment most closely 
represents that of the bulk (57). As in URu,Sio, 
we noticed that the d//dV peak attributed to 
the Kondo resonance changes its energy posi- 
tion near candidate Kondo holes (Fig. 3C), 
strongly affecting the R(ir,V) peak amplitude 
(Fig. 3D). Similar shifts in d//dV peak posi- 


tion were previously linked to the buildup of 
charge around boron clusters on the Sm (1x1) 
termination (52). For biases within the hybrid- 
ization gap |V| < A/e = 10 mV, R(t,V) reveals 
prominent oscillations around Sm-site defects 
(Fig. 3, E and F). These oscillations create a 
sharp ellipse in the Fourier transform of R@,V), 
as shown in Fig. 3G. The wave vectors of the 
R(q,V) ellipse are larger than those of the 
surface state detected by quasiparticle inter- 
ference imaging (53), and they do not disperse 
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ring in (E) the fourfold-symmetrized Fourier transform. H, high; L, low. (F) These oscillations match the high-temperature Fermi wave vector of 2k = 0.3 (2n/a), both 
measurement couples to the temperature-dependent Fermi surface, which changes drastically from 


above and below T,. (G) In contrast, a conventional d//dV 


18.6 K to 5.9 K. For clarity, the 18.6 K data have been scaled in (F) and offset in (G). 


Fig. 3. Kondo holes nucleate metallic puddles in 
SmBg. (A) Schematic band structure of SmBg 
showing the hybridization between conduction 
electrons (blue dashed line) and localized 

Af moments (gray dashed line), which leads to 

an inverted band structure (gray solid line) hosting 
emergent heavy Dirac surface states with a 

educed Fermi wave vector (orange). (B) STM 
topography of the (2x1)-reconstructed Sm surface of 
ightly Fe-doped SmBg. Both the Fe dopant and 

Sm vacancy in this image are expected to act as 
Kondo holes because they each displace a 4f 
moment. (C and D) Near the Fe dopant, the 
measured dl/dV peak changes energy position (black 
triangles), leading to large variations in the R(r,V) 
peak amplitude. The spectra in (C) and (D) have been 
offset for clarity. (E) R(r,V) in the same area as 
shown in (B) contains clear oscillations around 

the two impurities. (F) Linecut of R(r,V) along the 
white dashed line in (B). (G) R(r,V) oscillations 
appear as a sharp ring in the twofold-symmetrized 
Fourier transform (taken from a larger 65 nm by 

80 nm area for enhanced q resolution), which 
matches the unhybridized 5d Fermi surface inferred 
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from ARPES experiments (dashed line) (54). The surface reconstruction creates a sharp peak in R(r,V) at Qprage = (0,n/a). 


Pirie et al., Science 379, 1214-1218 (2023) 


24 March 2023 


3 of 5 


RESEARCH | RESEARCH ARTICLE 


for biases within the hybridization gap, indi- 
cating a different origin (fig. S4). On the other 
hand, the size and shape of the ellipse matches 
the unhybridized 5d band found by extrapola- 
ting ARPES data (54) to the Fermi level (i-e., it 
matches the SmB, metallic parent state), after 
accounting for band folding on the (2x1) sur- 
face (Fig. 2G and fig. S5). Our observation of 
this 5d wave vector within the Kondo insulat- 
ing gap is direct evidence of atomic-scale metal- 
licity around Kondo holes. This metallicity is 
supported by the large residual d//dV at V = 
0 mV that we measured around Kondo holes 
(Fig. 3C, green curve), indicating a sizable Fermi- 
level density of states even when the metallic 
surface states are suppressed (55). We con- 
firmed this discovery by checking for R(r,V) 
oscillations around a third type of Kondo hole, 
Gd dopants, as detailed in fig. S6. 


Magnetic fluctuations at Kondo holes in SmBg 


Our R(r,V) maps show the real-space structure 
of the metallic puddles around Kondo holes in 
SmBg. For these puddles to contribute to the 
measured de Haas-van Alphen oscillations in 
magnetization, they must have a finite mag- 
netic susceptibility. Several Sm-site defects 
are already suspected to be locally magnet- 
ic from their impact on bulk susceptibility 
(7, 26, 27, 56) and their influence on the topo- 
logically emergent surface states (53, 55). In 
general, topological surface states can provide 
a test of local magnetism because they are 
protected against backscattering from non- 
magnetic defects but not from magnetic de- 
fects that locally break time-reversal symmetry 
(57). This additional magnetic backscattering 
was previously imaged around Fe dopants in 
two Bi-based topological insulators (58, 59). 
We visualized the intensity of magnetic fluc- 
tuations at Sm-site defects in SmBg by iden- 
tifying spatial regions where its surface states 
backscatter. For biases within the hybridiza- 
tion gap, we measured large-area di(r,V)/dV 
maps that contain clear quasiparticle inter- 
ference patterns at the backscattering wave 
vector q = k; - k, = 2k** (Fig. 4B), consistent 
with our previous report (53). We determined 
the spatial origin of this signal by Fourier- 
filtering di@r,V)/dV at the wave vector 2k* to 
create an image of the local backscattering 
strength (Fig. 4C). Most of the peaks in this 
image align with the positions of Sm vacancies 
or Fe dopants, indicating that these Kondo 
holes harbor the necessary magnetic fluctua- 
tions to backscatter topological states. 


Discussion and outlook 


The charge puddles around Kondo holes pre- 
sent an alternative yet compelling origin for 
many of the strange observations of metallic 
behavior in SmBg. First, the detection of de 
Haas-van Alphen (magnetic) oscillations with- 
out accompanying Shubnikov-de Haas (resistiv- 
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Fig. 4. Kondo holes backscatter heavy Dirac 
fermions. (A) Topography of an SmBg region that 
contains 15 well-isolated Kondo holes (position 
indicated by red and green triangles) on several 
(2x1)- or (1x2)-reconstructed domains (dotted 
lines). (B) For energies within the Kondo insulating 
gap, the Fourier-transformed dl/dV along qy 
(perpendicular to Sm rows) contains a linearly 
dispersing signal (black dashed line) corresponding 
to quasiparticle interference from backscattered 
heavy Dirac fermions. The Fourier transform from 
the (1x2) domains was rotated by 90° before 
being averaged with that from the (2x1) domains. 
(C) The intensity of backscattering from topological 
states, calculated from Fourier-filtering d//dV at 
the y component of the backscattering wave vector 
qy = 2k;°, is strongly peaked around each Kondo 
hole. This map is computed only for ordered 
patches of the sample, as marked in (A), and 
excludes step edges. H, high; L, low. 


ity) oscillations (8-0) is expected for electrically 
isolated metallic puddles, provided that they 
do not meet the percolation threshold [which 
could be unreachable (J7)]. Second, the large 
Fermi surface size and light effective mass ex- 
tracted by bulk probes (9-17) is in excellent 
agreement with our observation of itinerant 
5d electrons. Third, the magnetic length of 
the high-frequency (large-k;) quantum oscilla- 
tions that onset above 35 T (9, 10) is com- 
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parable to the R(r) decay length of y = 2.6 nm, 
such that a Landau orbit could fit inside a 
metallic puddle. Additionally, many of the 
metallic properties were detected in floating 
zone-grown samples (5, 6, 9-11), which are 
known to have higher concentrations of Sm 
vacancies than samples grown with an alumi- 
num flux (60). Floating-zone samples also con- 
tain a higher concentration of dislocations 
(31), which may similarly disrupt the Kondo 
screening cloud and thus further enhance the 
quantum oscillation amplitude beyond that 
expected from Sm vacancies alone. In contrast, 
the quantum oscillations completely disappear 
in flux-grown samples once embedded alumi- 
num is removed (8). 

Atomic-scale charge inhomogeneity has a 
profound impact on many interacting quan- 
tum materials, but it has typically not been 
possible to measure. In Kondo-lattice systems, 
R@,V) provides a peek at the ground-state 
charge landscape, which is strongly perturbed 
by Kondo holes. These Kondo holes nucleate 
nanometer-scale metallic puddles that could 
explain many of the strange phenomena de- 
tected by bulk probes. More broadly, the sen- 
sitivity to local charge within a Kondo lattice 
may enable atomic-scale charge imaging using 
STM tips decorated with a Kondo impurity 
(61) or fabricated from heavy-fermion mate- 
rials (62). 
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FERROELECTRICS 


Ferroelectricity in layered bismuth oxide 


down to 1 nanometer 


Qiangian Yang"t, Jingcong Hu*{, Yue-Wen Fang**+, Yueyang Jia®, Rui Yang®, Shiqing Deng’, Yue Lu2*, 
Oswaldo Dieguez®, Longlong Fan’, Dongxing Zheng®, Xixiang Zhang®, Yongqi Dong®, Zhenlin Luo®, 
Zhen Wang’, Huanhua Wang’, Manling Sui’, Xianran Xing”, Jun Chen”, Jianjun Tian, Linxing Zhang’ 


Atomic-scale ferroelectrics are of great interest for high-density electronics, particularly field-effect 
transistors, low-power logic, and nonvolatile memories. We devised a film with a layered structure of 
bismuth oxide that can stabilize the ferroelectric state down to 1 nanometer through samarium bondage. 
This film can be grown on a variety of substrates with a cost-effective chemical solution deposition. We 
observed a standard ferroelectric hysteresis loop down to a thickness of ~1 nanometer. The thin films 
with thicknesses that range from 1 to 4.56 nanometers possess a relatively large remanent polarization 
from 17 to 50 microcoulombs per square centimeter. We verified the structure with first-principles 
calculations, which also pointed to the material being a lone pair—driven ferroelectric material. The 
structure design of the ultrathin ferroelectric films has great potential for the manufacturing of atomic- 


scale electronic devices. 


Itrathin ferroelectric film is a core mate- 

rial for the preparation of miniature and 

large-capacity nonvolatile memories (/, 2). 

The urgent demand for ultrascaled de- 

vices has prompted the gradual explo- 
ration of atomic-scale ferroelectric thin films 
(3). In recent decades, it has been demon- 
strated that some traditional perovskite oxide 
systems (4-8), doped HfO,, ferroelectric sys- 
tems (9, 10), and two-dimensional layered 
ferroelectric systems [CuInP.S, (72), a-In.Se3 
(72, 13), and so on] can keep their macroscopic 
ferroelectric properties while gradually ap- 
proaching subnanometer size, but this is still 
far from atomic scale. The primary problem 
that hinders the continued research of nano- 
scale ferroelectric thin films is the critical size 
effect, whereby the huge depolarization field 
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caused by the thickness reduction shields the 
ferroelectric effect, leading to the instability 
of the ferroelectric phase (7). For example, as 
the thickness decreases to tens of nanometers 
or a few nanometers, ferroelectric thin films 
of classical perovskites with ABO; structure 
[where A is a rare-earth or alkaline-earth metal 
and B is a transition metal; e.g., BaTiO; (7, 8)] 
will change from the ferroelectric phase to 
the paraelectric phase and lose their ferro- 
electricity. However, recent studies suggest 
that the size effect can be suppressed in some 
materials. Many films with thicknesses of a 
nanometer or several unit cells have been 
reported to still be ferroelectric, such as three- 
unit cell freestanding BiFeOs films with giant 
polarization due to the release of the tensile 
strain given by the substrate (74), 1-nm-thick 
Hfo.sZro.2O0. films with enhanced ferroelec- 
tricity due to imposed confinement strain (9), 
half-unit cell (~3 A) hafnium oxide with lo- 
calized dipoles induced by flat phonon bands 
(15), and subnanometer ZrO, films with emer- 
gent ferroelectricity obtained by reducing 
the dimension on silicon (16). However, the 
ferroelectric properties of the ultrathin films 
reported in these works have only been con- 
firmed through cross-sectional high-angle 
annular dark-field scanning transmission 
electron microscopy (HAADF-STEM) images, 
piezoresponse force microscopy (PFM), theo- 
retical calculations, or tunnel electroresistance 
hysteresis, rather than by using macroscopic 
ferroelectric hysteresis loops with polarization- 
electric field measurements, which can identify 
the ferroelectricity directly and is the prime 
determinant of the applications of ferroelec- 
trics in electronic devices. 

Layered bismuth oxides are one kind of 
classical ferroelectric materials that have a 
high Curie temperature (7,) and great fatigue 
resistance (17, 18). These systems of BigWO¢ 
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(19), SrBigTa Og (17), BigTizO,2 (4), and so on, 
which have a distinctive Aurivillius struc- 
ture, are the famous layered bismuth oxide 
ferroelectrics (20, 21), which are composed 
of an intergrowth of (Bi,O.)* sheets and n 
perovskite-like blocks that contain a layer of 
octahedral B sites. Several new Bi-based oxide 
ferroelectric films with a layered supercell 
structure have been reported recently, such 
as BigAIMnOg (22) and BigNiMnOg (23), which 
have a high degree of flexibility in their struc- 
ture with the controlled bismuth layers. Some 
of them show great multiferroic properties. 
However, most of the above layered films ex- 
hibit in-plane ferroelectric properties, which 
limits their application in devices (24). The 
growth rate of the layered-structure film in 
the horizontal direction is higher than that 
in the vertical direction, which is conducive 
to the preparation of smooth and continu- 
ous atomic-level films (25, 26). The excellent 
insulating property and high tolerance to the 
vacancy of layered bismuth oxide are also 
beneficial to the ferroelectric measurement of 
monolayer unit cells with low leakage (27). 
We have developed a type of layered bismuth 
oxide through Sm substitution [Bi,. gSmp 203 
(BSO)]. We grew this thin film as a single 
phase on a (0001) Al,Oz (AO) or (001) SrTiO; 
(STO) substrate by the sol-gel method. At a 
thickness of 1 nm, the film can maintain ex- 
tremely strong out-of-plane ferroelectricity 
and demonstrate the macroscopic ferroelec- 
tric hysteresis loop that other systems can- 
not achieve at such thicknesses. This work 
develops a new generation of ferroelectric 
films that are highly promising for creat- 
ing miniaturized and high-quality electronic 
devices. 


The design of the layered structure 


The bismuth-based fluorite structure is a kind 
of classical material with a variable and flexi- 
ble structure (28, 29). We designed a structure 
based on the fluorite structure by removing a 
whole layer of bismuth, leading to a layered 
structure with a framework of bismuth oxide. 
Density functional theory (DFT) calculations 
(fig. SI) demonstrate that these layered structures 
with variable periods of different bismuth 
layers possess relatively high stability because 
of low formation energies of —1.086, -1.135, 
and -1.095 eV per atom for variable periods 
of three, five, and seven bismuth layers, re- 
spectively. We focused on the period of three 
bismuth layers, which can be stabilized in the 
film with a tetragonal-like (T-like) structure 
under the action of Sm substitution (Fig. 1A). 
If the oxygen is not removed in the fluorite 
structure that has one of four Bi layers miss- 
ing, then the molecular formula is BigOj,¢, 
which is not stable. Hence, we performed 
genetic-algorithm searches of the arrangements 
that lead to the lowest possible energy of each 
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Fig. 1. Crystal structure characterization of layered bismuth oxide thin 
films grown on (0001) Al,03 substrates. (A) Out-of-plane XRD diffraction of 
bismuth oxide films with (red) and without (blue) Sm substitution under 

the same conditions. The dashed green lines are used to guide the eye. a.u., 
arbitrary units. (B) The final structures of BigOg and BisSmOg that were 
simulated in ab initio molecular dynamics simulations at 300 K. The green 
dashed rectangles are used to guide the eyes. (C) XRD phi scanning reflections 
of (101) BSO film plane and (1126) Al203 substrate plane. (D) The matching 
diagram of the BSO film and the substrate. The red wire frames are six (or three) 


BSO unit cells by seven BSO unit cells. (E) The diffractive RSM images of film 
and substrate in the (Q,, Qy) plane at Q, = 2.72 A7, where the substrate 
diffraction peak is marked in white and the thin film diffraction peak is marked in 
red, blue, and yellow. The three different colors correspond to the three domain 
variants that have varied orientations and show a rotational symmetry 
relationship of 120° between each other. (F) HAADF-STEM image of the 
heteroepitaxial BSO/AO, as viewed along the b axis of the thin film. The inset 
images are a magnified region of the film (left) and the FFT of the film region 
(right). The white dashed rectangle indicates a unit cell of BSO. 


set of atoms in these cells of BigO,, (2 = 6 to 12) 
with different oxygen loss (fig. S2). A compar- 
ison of the formation energies of the 69 known 
bismuth oxide compounds in the Open Quan- 
tum Materials Database showed that BigO, 
is strongly favored over the others and also 
possesses a wide bandgap and is the most stable 
structure. Indeed, the preparation of the film 
requires the addition of Sm element to stabilize 
the structure. We used energy dispersive spec- 
trometer (EDS) to analyze the composition of 
the film and (001) STO substrate separately, and 
the chemical composition ratio we obtained 
was Bi:Sm:O = 1.8:0.2:3 (figs. S3 and S4). In 
addition, the valence analysis using x-ray photo- 
electron spectroscopy (XPS) confirmed the re- 
sults of EDS, which was similar to the atomic 
ratio of the precursor (fig. S5 and table S1). 


General structures 


We grew BSO films on an inexpensive single 
crystal (0001) AO substrate using the chemical 
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solution method of sol-gel spin coating (30). 
The x-ray diffraction (XRD) patterns showed 
only diffraction peaks from the directions of 
(0006) AO substrate and (001) films of BSO 
with an out-of-plane lattice parameter of about 
9.137 A (Fig. 1A). This observation suggests that 
the films are epitaxially grown, which is also 
confirmed by the phi scans and reciprocal 
space mappings (RSMs) discussed below. To 
further confirm that the presence of Sm can 
stabilize the formation of this phase, we inves- 
tigated varying the content of Sm from 5 to 15% 
(fig. S6). The film without the Sm substitution 
consists of a main phase of Big0, and some 
Bi,O3 phases, which highlights the importance 
of Sm in stabilizing the ferroelectric structure. 
Ab initio molecular dynamics simulation re- 
sults show that Sm has a stronger oxygen 
binding ability than Bi (Fig. 1B and fig. $7). 
When the thickness is reduced down to one 
unit cell, the ferroelectric phase can be main- 
tained by the addition of Sm (fig. S8). Moreover, 
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the introduction of Sm reduces the structure 
formation energy by 0.41 eV per atom. We used 
XRD phi scanning, wide-range RSM, and fast 
Fourier transform (FFT) to reveal the in-plane 
lattice matching relationship between BSO 
films and hexagonal AO substrates. The XRD 
phi scans are collected along the reflection of 
the (101) BSO film and the (1126) substrate 
(Fig. 1C). The phi scan of the (101) planes of 
the film show 12 diffraction peaks, of which 
six diffraction peaks correspond to the (1126) 
diffraction peaks of the hexagonal AO substrate. 
This features a four-axis symmetric structure 
of films with three different orientations on 
the six-axis symmetric substrate, which con- 
firms an in-plane epitaxial relationship with 
the substrate (Fig. 1D). We provide wide-range 
RSMs of the sample in the (Q,, Q,,) and (Qz, 
Q.) planes (Fig. 1E and fig. S9). The epitaxial 
relationship between thin film and substrate 
shown by RSMs is consistent with phi scan- 
ning results. RSMs about the (105) plane 
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Fig. 2. Characterization 
of ultrathin BSO films. 


A 12 nm-thickness 


Cc 


B 6 nm-thickness 


(A to D) The HAADF-STEM 
images of the BSO films 
grown on the STO-based 
[STO or Nb:STO (NSTO)] 
substrate have thicknesses 
of 12 nm (A), 6 nm (B), 

3 nm (C), and 1 nm (D). The 
white dashed lines indicate 
the up or down interface 
of the films. (E to H) The 
FFT patterns corresponding 
to the films shown in (A) 
to (D), respectively. 


of the film have been carried out (fig. S9C), 
which indicate a T-like phase structure with 
an in-plane lattice parameter of 3.94 A and 
an out-of-plane lattice parameter of 9.24 A. 
The direct evidence for the layered struc- 
ture in the film presented in this work is pro- 
vided by the spherical aberration-corrected 
HAADF-STEM images (Fig. 1F and fig. S10A). 
We observed flat and high-quality films. The 
bright spots correspond to Bi (Z = 83, where Z 
is the atomic number)/Sm (Z = 62) columns, 
owing to the Z’-dependent image contrast 
(31). Because Sm is randomly distributed in 
the position of Bi, it is difficult to distinguish 
the exact occupation sites of the Sm (figs. S11 
to S14). The film is arranged in a regular 
layered arrangement with a period of three 
BiO layers, which is similar to the fluorite 
structure along the c-axis direction. A large 
spacing appears between each of the two 
groups of three BiO layers, indicating a dif- 
ferent layered structure of bismuth oxide than 
has been previously observed. The out-of- 
plane and in-plane lattice parameters are 9.26 
and 3.97 A, respectively, which correspond to 
the results of XRD and RSMs. The correspond- 
ing FFT pattern (inset of Fig. 1F) was identified 
as the [010] zone axis, which is consistent with 
the simulated BSO electron diffraction pattern 
(fig. SIOB). This confirms that the film has a 
T-like phase structure, which is the same as the 
RSMs scan result. The continuity and perio- 
dicity of the phase along the a and ¢ axes can 
be clearly seen in the FFT. In addition, we ana- 
lyzed the epitaxial relationship between the 
BSO film and the AO substrate by adjusting 
the focus and contrast (figs. S15 and S16). 
Interestingly, the growth of this layered BSO 
film is extremely flexible and has little de- 
pendence on the types of substrates. Under 
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(001) 


[010] 


the same conditions, the high-quality BSO film 
can also be successfully obtained on other 
lattice-mismatched substrates with different 
crystal structures, such as (001) STO and Au/ 
SiO,/Si substrates (figs. S17 and S18). We con- 
firmed the epitaxial orientation matching rela- 
tionship of BSO/AO and BSO/STO along [001]/ 
[0001] and [001]/[001], respectively (figs. S19 
and S20). We obtained the full width at half 
maximum (FWHM) of w-scanning for the film 
and the substrate at a specific crystal plane to 
prove crystallinity (fig. S21). The FWHM of the 
(004) BSO film and (0006) AO substrate are 
about 0.0122° and 0.0123° respectively. The 
FWHM of the (004) film grown on the STO 
substrate and (002) STO substrate are about 
0.0291° and 0.0303° respectively. The FWHM 
of the films grown on these two substrates are 
almost the same as those of their respective 
substrates, suggesting that BSO films grown 
by the chemical solution method generally 
have a high crystalline quality, whether they 
are grown on a Single-crystal (0001) AO sub- 
strate or (001) STO substrate. This would be 
ascribed to the design idea of layered struc- 
ture based on the spontaneous arrangement 
in the in-plane direction of the crystal atoms. 


STEM analysis for ultrathin BSO film 


We demonstrated that the film still has a high 
crystalline quality and high flatness in the 
ultrathin state. We prepared a batch of single- 
phase BSO films with thicknesses of 12, 6, 3, 
and 1 nm on the STO-based substrates. The 
thickness of the sample can be controlled by 
the concentration of the precursor by a linear 
relationship (figs. S22 and S23). The HAADF- 
STEM images and corresponding FFT patterns 
are shown in Fig. 2. First, we directly observed 
that all BSO films have high flatness without 
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showing the characteristics of “ripples,” and 
the BSO films are continuously arranged in 
Bi atomic layers (Fig. 2, A to D, and fig. $24). 
Notably, the structure of the BSO film does not 
collapse when approaching a thickness of one 
unit cell (1-nm thickness); instead, it remains 
layered, and the chemical ratio is still main- 
tained (Fig. 2, Eto H, and figs. S25 and 826). 

Second, the FFT patterns of all BSO films 
show bright and regularly arranged diffraction 
spots (the positions of diffraction spots are the 
same as those in Fig. 1F), which show that they 
all grow in the form of single crystals. X-ray 
reflectivity RR) and XRD fitting results also 
confirmed the high crystal quality and smooth 
interface of BSO films (fig. S23 and table S2). 
As the thickness of the film decreases, the 
diffraction peaks move to low angles, indicat- 
ing the gradually increasing lattice parameter 
c, an observation that is similar to the results 
of TEM (fig. S23 and table S3). We could at- 
tribute this observation to the compressive 
strain caused by the surface effect that is 
acting on the film (32). In addition, we also 
found a strain concentration region at the Bi 
layer at the BSO/AO (STO) interface, whereas 
the strain of other Bi layers that extend toward 
the c axis is much weaker than that at the 
interface (fig. S27). The successful preparation 
of high-quality BSO films with a thickness of 
1 nm is very likely due to the fact that the two 
Bi layers at the interface bear most of the strain 
from the substrate to maintain the normal 
growth of the films, which also lays a foun- 
dation for the measurement of the macroscopic 
ultrathin ferroelectric properties. 


Ferroelectric hysteresis loop 


Ferroelectric hysteresis loops of ultrathin films 
are extremely difficult to measure. Influenced 
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Fig. 3. Characterization 
of macro ferroelectricity. 
(A and B) The polarization 
hysteresis loops of the 
films with thicknesses of 

1 nm (A) and 4.56 nm (B) 
obtained by the PUND 
mode measurement under 
an electric field with a 
frequency of 1 kHz. d, film 
thickness; P,, remanent 
polarization. (C) The rela- 
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tionship between the thickness of the BSO film and the remanent polarization and a comparison with other ferroelectric systems (such as traditional perovskite 
systems and doped hafnium oxide systems). The blue and red spheres in the plot represent the dynamic hysteresis mode conventional measurements and PUND 
measurements of this work, respectively. In PUND mode, the contribution of nonferroelectric switching can be subtracted to obtain the true ferroelectric polarization 
(figs. S28 and S29). The green diamonds within the dashed circle indicate the HfO2-based sample data points. The blue triangle, red triangle, purple triangle, 

and yellow square indicate the BTO, PZT, STO, and BFO sample points, respectively. The error bars denote standard deviations. 


by size effect and film quality, the suppression 
of surface charges and the existence of leakage 
current cause the film to lose its original ferro- 
electricity. We obtained a high-quality ferro- 
electric hysteresis loop in the BSO film with a 
single-unit cell thickness of ~1 nm, which had 
a remanent polarization as large as 17 uC em 
(Fig. 3A and fig. S30A). Making this sort of 
observation in a traditional perovskite system, 
a doped hafnium oxide system, or a two- 
dimensional ferroelectric system has been 
challenging with ultrathin films of thicknesses 
down to 1 nm. The ferroelectricity of the BiFeO,, 
freestanding film with a thickness of three unit 
cells (14), Hfp.5Z19,50.2 with a thickness of 1 nm 
(9), and CulnP.S, film with a thickness of 
4 nm (JP are all indirectly characterized by 
domain switching that is observed by applying 
a bias voltage. The macroscopic ferroelectric 
hysteresis loop is direct evidence to confirm 
whether the single-unit cell-thick film has 
ferroelectricity, which suggests that BSO fer- 
roelectric thin films have great potential for 
applications in nanoelectronic devices. The 
remanent polarization of the BSO film at 1 nm 
is relatively higher than that of other ultrathin 
ferroelectric films that have been reported, such 
as BaTiO; (BTO, 5 nm, 15 uC cm ”) (8), BiFeO3 
(BFO, 10 nm, 1 uC em”) (33), PbZro.2Tig. gO3 
(PZT, 5 nm, 11 uC cm”) (34), and STO (10 nm, 
1 uC cm”) (35).The remanent polarization 
of the BSO film with a thickness of 4.56 nm 
increases to 50 uC cm ° (Fig. 3B and fig. S30B), 
which is the highest value among ultrathin fer- 
roelectric films of thicknesses less than 5 nm, 
as compared with the hafnium oxide-based 
ferroelectric films that have been reported 
(5 nm, 34 wC em”) (10, 36-38) (Fig. 3C). By 
using the semiempirical method (39), as a 
displacement-type ferroelectric, we calculated 
the polarization by the displacement. The 
atomic displacement of Bi is about 0.22 Aas 
determined through STEM image analysis 
(fig. S32), which is close to the theoretical pre- 
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diction of 0.20 A. We calculated the spontane- 
ous polarization of the film to be about 49.8 
to 53.4 uC cm™”. We obtained more hyster- 
esis loops for the devices, indicating the ferro- 
electric repeatability of the films (fig. $30). 
In addition, by adjusting the parameters in 
positive-up-negative-down (PUND) mode, 
we obtained hysteresis loops under different 
conditions to obtain more ferroelectric infor- 
mation (fig. S31). 

As with traditional perovskite systems, the 
ferroelectricity of the BSO film is also affected 
by the thickness. The remanent polarization 
decreases with reduced thickness (Fig. 3C). The 
size effect is probably due to the existence of a 
certain “dead layer” in the film (40, 41). The 
“dead layer” usually has a low dielectric con- 
stant, which results in a decrease in the actual 
voltage that is assigned to the thinner film and 
a smaller remanent polarization. Nevertheless, 
the polarization value obtained for the films 
presented in this work is much higher than 
the conventional value. There are some reasons 
for the high polarization of these films at 1-nm 
thickness. First, Sm can preserve the original 
structure of the ferroelectric phase at a thick- 
ness of 1 nm (fig. $7). The layered structure and 
the high tolerance to vacancy are also beneficial 
to maintaining ferroelectric structural stability 
at low dimensions. The stability of the ferro- 
electric phase will overcome the structural 
instability caused by the increase in surface 
energy and defects due to the size reduction. 
At the same time, the ferroelectric phase sta- 
bility can also overcome the increase in de- 
polarization field to maintain high polarization. 
Second, the polarization can enhance with 
increasing axial ratio when the thickness de- 
creases. The displacement polarization also 
can increase from surface to interface. These 
results should be ascribed to strain effects 
and charge transfer (42) (fig. S33), which will 
overcome the polarization attenuation caused 
by size effect. 


24 March 2023 


The excellent fatigue and retention charac- 
teristics of atomic-scale BSO films and the 
virtually nonimprinting phenomenon at high 
temperatures confirm the great potential of 
BSO films for a wide range of device appli- 
cations (fig. S34). T, is an important param- 
eter for ferroelectric materials. We have tried 
to explore the potential phase transition of 
this newly characterized ferroelectric com- 
pound through theoretical calculation and 
temperature-dependent XRD, dielectric, and 
ferroelectric tests, which indicate that the 
T, of ultrathin BSO films should be 493 K 
(fig. $35). 


PFM characterization 


We carried out PFM measurements to inves- 
tigate the ferroelectric switching properties of 
the films presented in this work. The PFM 
phase images after a box-in-box writing with 
a tip bias of positive and negative voltage 
demonstrate well-defined regions of phase 
contrast, which corresponds to remanent 
polarization states, for BSO films with thick- 
nesses of 1, 2.1, and 3.4. nm (Fig. 4, A to C). This 
indicates that the polarization states can be 
rewritten, highlighting switchable polariza- 
tion for the ultrathin films especially down to 
one unit cell; this finding was also confirmed 
by the amplitude images (fig. S36). Notably, 
unpoled areas at the edge show the similar 
phase contrast as positively poled areas, dem- 
onstrating that original BSO films exhibit 
spontaneous polarizations. In the respective 
square area, we selected multiple straight lines 
across the area where all voltages are applied 
to observe the phase lag of the overall area 
(fig. S37). The results show that the phase lags 
of the films with thicknesses of 1, 2.1, and 
3.4.nm are 70° to 80°, 150° to 160°, and 160° 
to 180° respectively (table S4). Then we ran- 
domly chose a position and measured the 
local amplitude and phase hysteresis loop 
(Fig. 4, E and F, and fig. S38). All the BSO films 
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Fig. 4. PFM of BSO thin films. (A to C) The out-of-plane phase image after 
box-in-box writing with a tip bias in the BSO thin films with thicknesses of 1 nm (A), 
2.1 nm (B), and 3.4 nm (C) by PFM. The entire detection area is 8 um by 8 um. The 
red dashed squares indicate the boundaries of different polarized areas and are 
used to guide eye. The color scale bar shows the degree of phase. (D) PFM signal as a 


with different thicknesses show neat butterfly 
curves. 

Surface topology inspections before and 
after PFM measurement and analysis of local 
PFM data after changing ac amplitudes and 
dc measurement frequency were analyzed 
to prove the ferroelectric nature of the BSO 
thin films (figs. S39 to S41). In addition, BSO 
films with a thickness of 1 nm show excellent 
retention properties (Fig. 4D and fig. S42). 
The PFM signal-time diagram predicts that 
the polarization of the film can be maintained 
for several days or even longer after fitting. 
The solid line is the simulation curve of signal 
decay, which is in line with the power law 
decay, P(t) < t”, where tis decay time and a 
is the decay exponent. The a of the 1-nm-thick 
BSO film is 0.047, which is far better than that 
of the reported conventional 12-unit cell-thick 
ferroelectric BTO film (a = 0.14) (35). The long- 
term ferroelectric retention indicates that BSO 
films with a thickness of 1 nm have excellent 
ferroelectric stability, which is different from 
that of nonferroelectric films. All piezoelectric 
responses of the above films prove the ferro- 
electric switching. The topography obtained 
by PFM proves that the BSO film prepared 
by the chemical method has high quality. The 
BSO film with a thickness of 1 nm grows uni- 
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formly, and the root-mean-square roughness 
is 0.105 nm (fig. S37A and table S4). 


Theoretical calculation for the structure and 
ferroelectricity 


To further understand the atomic structure, 
we performed a high-throughput DFT crystal 
structure prediction within the structure space 
of BigO, that combined the genetic-algorithm 
implemented in USPEX (Universal Structure 
Predictor: Evolutionary Xtallography) with in- 
formation from the HAADF-STEM structures. 
In this section, unless otherwise specifically 
noted, all the structures are constrained to 
match the in-plane lattice constants of sub- 
strates with a T-like lattice constant of 3.97 A. 
Figure S43A shows the formation-energy profile 
of 120 predicted structures with the chemical 
formula BigOg9. Several low-lying structures are 
predicted to be noncentrosymmetric (see the 
crystal structures in fig. S43, B to D). In partic- 
ular, we found the structure in fig. S43D with 
space group Pmm2 to open a bandgap of around 
1.2 eV by hybrid DFT calculations, indicating 
excellent insulating performance. The specific 
structural details of Pmm2 BigO,g can be found 
in table S6, and the detailed densities of states 
calculated by different exchange functionals 
with or without inclusion of spin-orbit coupling 
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function of delay time measured at room temperature after switching in a 1-nm-thick 
BSO film. The inset images show the initial phase image and one obtained 90 min 
later. (E and F) Local PFM measurement results for films with thicknesses of 1 nm (E) 
and 3.4 nm (F), including both the amplitude and phase hysteresis loop. The red lines 
indicate the local phase, and the blue lines indicate the local amplitude. 


are available in figs. S44 and S45. For a material 
to be regarded as a ferroelectric material, it first 
needs to be an insulator. In addition, it is better 
to have a continuous and smooth transition 
between the noncentrosymmetric state and the 
centrosymmetric phase for the displacive ferro- 
electrics. By considering the group-subgroup 
relations (43), a phase with the space group 
of Pmmm is found to be the corresponding 
centrosymmetric structure of the Pmm2 BigOop. 
The specific structure of Pmmm BigQOg is pro- 
vided in table S6. Figure 5A displays the free- 
energy variation of BigOg as a function of 
normalized polar displacements A between 
the centrosymmetric and noncentrosymmetric 
structures, which exhibit a typical double-well 
energy landscape that is available in ferroelectric 
materials. The energy per atom monotonically 
decreases from the centrosymmetric (paraelec- 
tric) structure to the noncentrosymmetric (fer- 
roelectric) structure, indicating continuous and 
spontaneous paraelectric-ferroelectric transi- 
tions under the critical temperatures. Notably, 
the energy difference between the centro- 
symmetric structure and the noncentrosym- 
metric structure is about 24 meV per atom 
[comparable to that of BTO (44)], which im- 
plies the relatively high stability of the polar 
phase of BigO09, Combining the double-well 
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Fig. 5. The BSO structure con- 
firmed by DFT and HAADF- 
STEM. (A) Total energy of Big09 
as a function of the normalized 
polar displacements A of BigOo 
under the epitaxial strain of 3.97 A. 
E, total energy. (B) The ELF of 
ferroelectric and paraelectric 
phases of BigO9. The isovalue 

is set to 0.53. The marked 0 
change in ELF is highlighted by 
the dashed rectangles. The 

black numbers label the bond 
lengths of Bi-O, and the white 
numbers label the four inequivalent 
Bi atoms. The blue arrow points 

in the direction of spontaneous 
polarization. (C) The ferroelectric 
structure of Sm-substituted BigQo, 
as predicted by DFT. (D) The 
HAADF-STEM images of the [010] 
and [210] directions as a compar- 
ison with the simulated HAADF 
images based on the structure 
model (brown dashed boxes). 


N 
S 


E (meV/atom) 


energy landscape with the insulating proper- 
ties in electronic structure calculations, we have 
proven that BigOg is a new oxide ferroelectric. 
Therefore, the modern polarization theory 
based on the Berry phase method can be 
applied to BigOg, The spontaneous polarization 
is calculated to be around 30 uC em”, which is 
consistent with the polarizations measured in 
our thin film samples (17 to 50 wC cm”). 

In the Bi-based ferroelectric materials, the 
lone-pair electrons of Bi play a large role in the 
spatial inversion symmetry breaking by exploit- 
ing so-called lone-pair stereochemical activity 
(45). To study the ferroelectric mechanism of 
BigOo, the electron localization function (ELF), 
which is a powerful tool for identifying the role 
of lone-pair electrons in driving the nonpolar- 
polar transitions (46, 47), is used to reveal real- 
space visualization of the lone-pair electrons. 
The ELFs of Pmm2 and Pmmm BigOg are com- 
paratively shown in Fig. 5B. There are four 
symmetry-inequivalent positions of Bi atoms in 
the ferroelectric phase, which are therefore 
marked as “1” to “4” in Fig. 5B. In the transition 
from the paraelectric Pmmm phase to the ferro- 
electric Pmm2 phase, the ELF of Bi-3 and Bi-4 in 
the Og hexahedron cages transform from the 
spherically symmetric distribution to the lobe- 
like asymmetric distribution, which implies that 
the lone-pair electrons of Bi-3 and Bi: are the 
driving force of the ferroelectricity by breaking 
the symmetry. We found that the ELFs of Bi-1 
and Bi-2 are also slightly changed during phase 
transition. However, their ELFs are oppositely 
distributed along the +c and -c directions, 
which causes the dipoles to mostly cancel each 
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other out and only results in a very small 
contribution to the ferroelectricity. The roles 
of lone-pair electrons of Bi can also be under- 
stood by analyzing the element-projected den- 
sity of states (DOS) and orbital projected DOS 
of Bi in fig. S45 because the lone-pair electrons 
are believed to stabilize the ferroelectricity 
through sp hybridizations (48). We found 
that the s states of Bi-3 and Bi-4 are much 
stronger than those of Bi-1 and Bi-2 in the 
energy range from —2 eV to the Fermi level, 
which implies that Bi-3 and Bi-4 have stronger 
hybridization with the p states than Bi-1 and 
Bi-2. This is consistent with the ELF analysis 
and further confirms the important role of 
lone-pair electrons of Bi-3 and Bi-4 in driving 
the ferroelectric transition. Next, to simulate 
the Sm-substituted Big0g, we considered all 
of the possible substituted configurations in 
which one Sm substitutes for one Bi within the 
unit cell of Pmm2 BigOg; a detailed comparison 
of all the possible structures can be found in 
fig. S46. The best structure match corresponds 
to a lowest-lying configuration, and its crystal 
structure is shown in Fig. 5C. By analyzing the 
interatomic distances between Bi and O for 
Bi-3 and Bi-4 in Fig. 5C, Bi-3 and Bi-4 are 
found to be deviated from the center of the Og 
hexahedron cage, which indicates that polar- 
ization remains in the Sm-substituted BigOg. In 
addition, the DOS calculated by hybrid func- 
tional HSE06 in fig. S47 shows that the Sm- 
substituted BigO, opens a bandgap of 2 eV. Our 
calculations thus suggest that the ferroelec- 
tricity is preserved in the presence of Sm that is 
substituted in the BigO 9. To compare the pre- 
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dicted crystal structure with the actual samples, 
we compared the crystal structure of Sm- 
substituted BigOg with the images and found 
that it reproduces well the atomic structures 
along the [010] and [210] directions that were 
revealed by the HAADF-STEM images, which 
confirms the accuracy of the predicted struc- 
ture (fig. S48). To confirm the crystal structure 
of BSO films with a thickness of 1 nm, we com- 
pared the predicted structure of Bi;SmO, in 
integrated differential phase contrast (iDPC)- 
STEM (fig. S49). At the same time, Fig. 5D 
shows the HAADF-STEM images that were 
simulated along the directions of BSO film 
[010] and [210], which are highly consistent 
and used to support the accuracy of the pre- 
dicted structure. The simulation model is 
shown in fig. S50. In addition, we observed 
that matching between BSO film and STO 
substrate is achieved by a BiO and TiO layer 
of substrate. Therefore, a possibility of charge 
transfer between Bi®* and Ti** at the inter- 
face exists, which would be a factor for the 
enhanced displacement polarization at the 
interface as described above. 


Conclusions 


We designed a ferroelectric with layered struc- 
ture of bismuth oxide and prepared the BSO 
thin film with good crystallinity through the 
sol-gel method, which can be grown on a variety 
of substrates. The film can still achieve macro- 
polarization at a thickness of 1 nm at room 
temperature, with a high remanent polari- 
zation of 17 1C cm™*. We confirmed the fer- 
roelectric properties with measurements of 
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writing domain and local butterfly curves in 
PFM. We obtained the structure of the BSO 
film through DFT calculations and confirmed 
that it is a different type of room-temperature 
ferroelectric film than previously observed. This 
provides a promising route for future research 
of ferroelectric materials, and these ultrathin 
ferroelectric films are highly suitable for future 
nanoelectronic devices. 
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3D POROUS MATERIALS 


Programming 3D curved mesosurfaces using 


microlattice designs 


Xu Cheng”+, Zhichao Fan’*>+, Shenglian Yao‘, Tianqi Jin'?, Zengyao Lv’, Yu Lan’, 
Renheng Bo?, Yitong Chen, Fan Zhang'”, Zhangming Shen*?, Huanhuan Wan°, 


Yonggang Huang®”, Yihui Zhang'2* 


Cellular microstructures form naturally in many living organisms (e.g., flowers and leaves) to provide 
vital functions in synthesis, transport of nutrients, and regulation of growth. Although heterogeneous 
cellular microstructures are believed to play pivotal roles in their three-dimensional (3D) shape 
formation, programming 3D curved mesosurfaces with cellular designs remains elusive in man-made 
systems. We report a rational microlattice design that allows transformation of 2D films into 
programmable 3D curved mesosurfaces through mechanically guided assembly. Analytical modeling 
and a machine learning—based computational approach serve as the basis for shape programming 

and determine the heterogeneous 2D microlattice patterns required for target 3D curved surfaces. About 
30 geometries are presented, including both regular and biological mesosurfaces. Demonstrations 
include a conformable cardiac electronic device, a stingray-like dual mode actuator, and a 3D electronic 


cell scaffold. 


hree-dimensional (3D) cellular microstruc- 

tures are ubiquitous in living organisms, 

where they play diverse, irreplaceable roles 

in 3D shape formation (1-4), synthesis and 

transport of nutrients (5, 6), and regu- 
lation of growth and reproduction (7, 8). For 
example, the nonuniformly distributed cellu- 
lar microstructures in the Physalis philadelphica 
berry and the Silene vulgaris flower, which 
form closed cages, offer a sufficient stiffness to 
support their oval calyx sacs (Fig. 1A, left and 
middle left); the intricate, vascular networks 
in cabbage leaves can locally shrink and unilat- 
erally thicken at reduced temperatures, lead- 
ing to the formation of a multilayer spherical 
shape (Fig. 1A, middle right); and the honeycomb- 
like cellular microstructures with hexago- 
nal chambers throughout the cell wall of the 
Stephanopyxis turris diatom enhance the ef- 
ficiency of its photosynthesis (Fig. 1A, right) 
(1). Because of the high surface areas, large 
pore volumes, and excellent mechanical and 
thermal properties of cellular structures, cellu- 
lar designs have been exploited in the develop- 
ment of materials and functional systems (9, 10). 
Examples include lattice materials and foams 
with high specific stiffness, specific strength, 
and impact resistance (3, 17-15); porous elec- 


‘Applied Mechanics Laboratory, Department of Engineering 
Mechanics, Tsinghua University, Beijing 100084, P.R. China. 
“Laboratory of Flexible Electronics Technology, Tsinghua 
University, Beijing 100084, P.R. China. *College of Mechanical 
and Vehicle Engineering, Hunan University, Changsha 410082, 
P.R. China. “School of Materials Science and Engineering, 
University of Science and Technology Beijing, Beijing 100083, 
P.R. China. Department of Automation, Tsinghua University, 
Beijing 100084, P.R. China. °Querrey Simpson Institute for 
Bioelectronics, Northwestern University, Evanston, IL 60208, 
USA. “Departments of Civil & Environmental Engineering, 
Mechanical Engineering, and Materials Science & Engineering, 
orthwestern University, Evanston, IL 60208, USA. 
*Corresponding author. Email: yihuizhang@tsinghua.edu.cn 
These authors contributed equally to this work. 


Cheng e¢ al., Science 379, 1225-1232 (2023) 


trodes with small ion diffusion distances and 
large percentages of active materials for high- 
power lithium ion batteries (6, 17); artificial 
tissues and organs with hierarchical vascular- 
ized networks capable of oxygen and nutrient 
supply and waste removal (5, 6, 18); electromag- 
netic metamaterials capable of blocking, absorb- 
ing, enhancing, or bending electromagnetic waves 
(19); and metal-organic frameworks for water- 
splitting and oxygen-reduction reactions (20). 
Inspired by cellular biological surfaces such 
as those shown in Fig. 1A, we developed a micro- 
lattice design strategy as a powerful route to 
achieve the desired stiffness distribution of 2D 
microfilms, thereby allowing their transfor- 
mation into programmable 3D curved meso- 
surfaces using mechanically guided assembly. 
We established both an analytical model and 
a machine learning-based computational ap- 
proach for the inverse design of target 3D curved 
mesosurfaces from 2D microlattice patterns 
with optimized distributions of porosity and 
cell sizes. Although inverse design methods 
of 2D-to-3D assembly have been reported for 
strategies relying on spatial stiffness control of 
thin films using thickness engineering (2/, 22), 
soft active materials with programmable strain 
distributions (23-27), or constrained optimiza- 
tion of geometries and rotations of unit cells 
in kirigami and origami tessellations (28-317), 
the limitations of applicable materials and 
length scales have impeded their utility in 3D 
microelectronic devices (32, 33). 


Microlattice design strategy for curvature 
programming of 3D mesosurfaces 


Figure 1 illustrates the key concepts and capa- 
bilities of the bioinspired microlattice design 
strategy. This strategy introduces a 2D thin film 
with an engineered lattice pattern consisting of 
spatially varying triangular units and micrometer- 
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sized ribbons. The triangle lattice design is ex- 
ploited instead of cellular designs with circular 
holes because of the relieved stress concentra- 
tion and the excellent adaptability to complex- 
ly shaped edges (fig. S1). Figure 1B presents a 
schematic illustration of the microlattice de- 
sign strategy using a circular design domain 
SR as an example. We used triangular lattices 
to discretize the prescribed design domain 
(fig. S2), dividing the domain into N trian- 
gular units with 1 lattice nodes. Lz, (where k = 
1, 2, 3) and @; are the side length and the po- 
rosity of the fp triangular unit (where 7 = 1, ..., NV); 
~; = 0 and 1 denote two limit conditions, i.e., 
the solid material region without any porosity 
and the region without any material, respec- 
tively. Considering the stretching-dominated 
mechanism of the triangular lattice, the effec- 
tive modulus (£;) scales with the relative den- 
sity (p; = 1- ¢,) of the unit, ie., E; (1 — ¢,), 
and therefore the distribution of microlat- 
tice porosity serves as a crucial parameter to 
adjust the stiffness distribution. We use Q to 
denote the set of nodes (with Myonq nodes in 
total) that are bonded with a prestretched 
elastomer (prestrains, €y and ey) in the me- 
chanical assembly. Accordingly, the in-plane 
displacements D; (Dj = [djx, diy], j = 1, 2, ..., 
Myona) are applied to this node set to trig- 
ger the 2D-to-3D assembly, where d;x and djy 
are the displacement components of the jh 
node along X and Y directions. Once the po- 
rosity distribution ~,, the node set Q of bond- 
ing sites, and the prestrain (ey and ey) are 
given, the 3D mesosurface resulting from the 
mechanical assembly can be determined, cor- 
responding to a forward problem. Figure S3 
provides a set of examples with the same square- 
shaped design domain 5, bonding sites, and 
uniaxial prestrain (30%). Assigning different 
porosity (¢,) distribution results in distinct 3D 
surface geometries, indicating a crucial role 
of porosity distribution in tailoring the as- 
sembled mesosurface geometry. 

The practical utility of the microlattice strat- 
egy requires a rational inverse design method 
as the theoretical basis. Herein, the inverse 
design problem focuses on determining the 
porosity distribution, bonding sites, and pre- 
strain for a target 3D surface and a prescribed 
number (J) of triangular units. An octopus-like 
mesosurface serves an example to illustrate 
the key procedure of the inverse design (Fig. 
1C). The design target (fig. S4A) is derived by 
simplifying the complex biological surface, 
which consists of an axisymmetric “head” re- 
gion and eight curvy “tentacles.” Discretizing 
the head region into eight pieces of subsur- 
faces interconnected in the central region 
allows utility of a beam theory-based model 
(see the supplementary text for details) to ob- 
tain distributions of bending stiffness and 
porosity in the 2D precursor. The various ten- 
tacle shapes can be also reproduced using 
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Fig. 1. Conceptual illustrations of curvature programming of 3D mesosurfaces 
by bioinspired microlattice design strategy. (A) Optical images of a Physalis 
philadelphica berry (left) and S. vulgaris flower (middle left) with oval, reticular 
calyx sacs; multilayer spherical cabbage leaves with intricate, vascular networks 
(middle right); and an S. turris diatom with a honeycomb-like cellular cell wall 
[reproduced with permission from Jantschke et al. (1), copyright 2014, The 
Royal Society of Chemistry]. (B) Schematic illustrations of forward and inverse 
designs of 3D curved mesosurfaces in the framework of the bioinspired 
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Distributions of normalized bending stiffness and porosity 
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microlattice design strategy. Here, @; and Li, (where k = 1, 2, 3) represent the 
porosity and side lengths of triangular unit cell numbered j in the design 
domain 8, respectively, and D; is the displacement vector (djx, dy) of the node 
numbered j in the bonding regions. (C) FEA and experimental results of the 
inverse design of an octopus-like mesosurface with an optimized microlattice 
pattern based on a discretized approach. (D) Two flower mesostructures 

(left: D. stramonium, right: G. jasminoides Ellis) and bioinspired designs with 
bonding sites distributed inside the 2D microlattice. Scale bars, 2 mm. 
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this model. Then, the 2D microlattice pattern 
can be generated, along with the node set of 
bonding sites. The assembled 3D surface ge- 
ometry based on finite element analysis (FEA) 
and experimental measurements are both in 
excellent agreement with the design target 
(Fig. 1C and fig. $4, B and C). The maximum 
principal strain is <1% in most regions of the 
octopus-like mesosurface, indicating that the 
fracture failure would not occur in commonly 
used electronic materials (e.g., Si, Au, Cu, and 
Ti) during assembly (fig. S4B). Here, the micro- 
fabrication technologies (materials and meth- 
ods and figs. S5 to S9) allowed fabrication of 
patterned 2D microlattice in a bilayer of 200 nm 
Cu and 12 um polyimide (PD, with a minimum 
ribbon width of 10 um. The experiments of me- 
chanically guided assembly followed proce- 
dures similar to those reported previously (fig. 
S10) (34, 35). 

The microlattice design strategy confers a 
locally discrete yet globally continuous geo- 
metric feature of the microfilm, which enables 
a discreteness-mediated deformation mecha- 
nism inaccessible to solid microfilms. Such a 
discreteness-mediated deformation mecha- 
nism mainly occurs in microfilms with inner 
bonding sites, where localized deformations 
usually develop. A circular-shaped microfilm 
serves as an example to describe this mech- 
anism, in which four symmetrically distrib- 
uted inner bonding sites are assigned (fig. S11). 
Although the structural geometry and loading 
conditions are symmetric with regard to the 
X and Y axes, the buckling deformations dis- 
play two possible modes that are mediated by 
the discreteness. For solid or densely distrib- 
uted microlattice films, a chiral mode involving 
twisting deformations is more energetically 
favorable (fig. S11, B and C). When the micro- 
lattice is sufficiently sparse to accommodate 
bending-dominated deformations of ribbon 
components, the symmetric mode becomes 
more energetically favorable. Although the solid 
microfilm shows a chiral buckling mode, the 
twisting orientation is random and not control- 
lable. Harnessing the discreteness-mediated 
deformation of microlattice films offers an 
avenue to 3D mesosurfaces with controlled 
chirality, e.g., by introducing slightly reduced 
porosity at the intermediate region of two 
bonding sites (fig. S12). Figure 1D and fig. S13 
present two mesosurfaces inspired by Datura 
stramonium and Gardenia jasminoides Ellis, 
in which the chirality is tailored by the porosity- 
governed method (see the supplementary text). 


Microlattice design methods for the rational 
assembly of 3D mesosurfaces 


A beam theory-based model allows the in- 
verse design of 2D ribbon mesostructures and 
axis-symmetric mesosurfaces (Fig. 2 and figs. 
S14 to S20). By homogenizing a straight, ribbon- 
shaped microlattice as a solid ribbon structure 
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and using the Euler-Bernoulli beam theory, the 
key design parameters [including the porosity 
¢(S) and the prestrain €p,.] for a target ribbon 
can be obtained analytically (see the supple- 
mentary text and figs. S14 to S16). Most axis- 
symmetric 3D surfaces are nondevelopable and 
therefore cannot be assembled directly from 
geometrically continuous 2D films without 
involving large membrane strains (e.g., >5%), 
which are not tolerable for most inorganic elec- 
tronic materials. We introduce a discretization- 
based approximation method to allow utility 
of the beam theory-based model in the inverse 
design of axis-symmetric mesosurfaces. The 
method divides the target surface uniformly 
into n subsurfaces (fig. $17), each of which 
can be considered as a ribbon with a nonuni- 
form width. Then, the porosity distribution 
¢(S) and the prestrain €pre can be determined 
for the target subsurface. Figure 2A presents 
a hemispherical mesosurface approximated 
with 10 subsurfaces (supplementary text), where 
optical images and numerical simulations 
of the assembled 3D mesosurface are in close 
accordance with the target surface. The ex- 
periments used a bilayer of 200 nm Si and 
8 um PI in the fabrication, and the resulting 
hemispherical mesosurface has a diameter 
of ~2 mm (movie S1). Similarly, the proposed 
method allows for the inverse design of spheri- 
cal caps (100 nm Au or Ti and 8 um PI) (fig. 
$18, A to C) and hemi-ellipsoidal mesosurfaces 
(100 nm Au or Ti and 12 um PI) with various 
aspect ratios (3, 2/3, and 1/3) (fig. S18, D to F). 
Fairly close 3D mesosurfaces can be obtained 
through use of only 10 subsurfaces in the 
discretization (Fig. 2A and fig. S18, A to F). 
These results illustrate the effectiveness of 
the inverse design method based on the micro- 
attice strategy. 

Introducing inner bonding sites allows the 
curvature of the assembled 3D mesosurface to 
vary its sign, thereby expanding the range of 3D 
mesosurfaces. Figure 2B presents a volcano- 
like mesosurface (100 nm Ti and 8 um PI) with 
a crateriform concavity (~1.4 mm in diameter) 
at the central region. Assigning a high level of 
porosity (90%) to the joint region of inner and 
outer surfaces enables programmable folding 
deformations to reproduce the geometric fea- 
ture of the slope discontinuity (movie S2). With 
use of a single inner bonding site, donut-like 3D 
mesosurfaces can also be accurately attained 
(fig. S18, G and H). Adding more inner bond- 
ing sites allows combination of two or more 
customized 3D mesosurfaces, enriching the 
accessible range of axis-symmetric mesosur- 
faces. Figure 2C, fig. S18I, and movie S3 pro- 
vide two palace-like mesostructures composed 
of a torus at the outer region and a cylinder (or 
a hemisphere) at the inner region. Approx- 
imately closed-form geometries are also possi- 
ble, with two examples shown in Fig. 2, D and 
E, and fig. S19, D and E. 
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The above beam theory-based model also 
allows for the inverse design of 3D mesosur- 
faces with rotational symmetries, including 
complex biomimetic mesosurfaces reconstructed 
from real plants. For example, the blueberry 
flower has five petals and a style, and their 
shapes can be reconstructed through discrete- 
point sampling to serve as our design target 
(Fig. 2F, left, and fig. S20A). Then, the bilayer 
2D precursor patterns and the prestrain can be 
determined through the inverse design method 
(Fig. 2F, middle left, and fig. S20B). The re- 
sulting biomimetic microlattice structure is 
shown in the middle of Fig. 2F. Similarly, a 
biomimetric P. philadelphica berry surrounded 
with a closed oval calyx sac can be inversely 
designed and fabricated (Fig. 2G and fig. S20, 
C and D). This inverse design method can be 
further extended to curvy mesosurfaces with 
a slight degree of asymmetry. In this case, the 
mesosurface is discretized into a certain num- 
ber of uneven curvy ribbons, and each ribbon 
component can be reproduced by optimizing 
the porosity distribution and prestrain. Two 
examples are provided in Fig. 2, H and I, and 
fig. S21, where the design targets mimic a gar- 
den spider’s abdomen and an asymmetric 
flowerpot. 

Design of a strain-limiting frame to connect 
bonding sites of as-assembled 3D mesosur- 
faces allows their isolation from the bulky 
elastomeric substrate without altering their 
geometric configurations (fig. S22). On the basis 
of this facile isolation method, freestanding 
3D mesosurfaces with diverse configurations 
are fabricated, including an octopus head-like 
mesosurface, a hemi-ellipsoidal mesosurface, 
and spherical caps, with the lateral size span- 
ning from ~600 um to ~14 mm (Fig. 2J and fig. 
$23). Mechanics modeling suggested that the 
stiffness ratio between the 3D mesostructure 
and the strain-limiting frame is the dominant 
parameter that affects the shape fixation (see 
the supplementary text and fig. S24). In addi- 
tion, the extended material compatibility, broad 
applicable length scales, and rich structural 
topology (Fig. 2, J and K, and figs. S25 to S27) 
suggest versatile capabilities of the microlattice 
strategy for designing 3D functional devices 
and microsystems. 

If the target 3D surface cannot be discre- 
tized into a group of symmetric ribbons, then 
the above beam theory-based model consider- 
ing only bending deformations will not work. 
Introducing a machine learning algorithm al- 
lows for the establishment of a powerful in- 
verse design method for 3D mesosurfaces with 
both symmetric and asymmetric configura- 
tions. Using the seashell surface as an example 
(Fig. 3A), the method starts with discretizing 
the 3D curved surface into a set of 3D feature 
points (X;, Y;, Z;, 1 = 1... Np, where N, is the 
total point number) using strategic cuts that 
can capture key geometric features (i.e., radial 
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Table tennis 


Fig. 2. Inverse designs of 3D curved mesosurfaces based on an analytical 
model. (A to C) Target geometry, porosity distribution of the 2D precursor 
pattern, and corresponding FEA and experimental results for a hemispherical 
mesosurface (A), a volcano-like mesosurface (B), and a palace-like mesosurface 
(C). (D and E) Inverse design of closed-form 3D mesosurfaces: a suspended 
spherical mesosurface (D) and a vase-like mesosurface (E). (F and G) Inverse 
design of two plant mesosurfaces with bilayer layouts: blueberry flower (F) 

and P. philadelphica berry (G). Green dots are sampled from the plant surfaces. 
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(H) Target geometry, FEA, and experimental results of an asymmetric surface 
that resembles the curved abdomen of a garden spider. (1) Similar results 

for the inverse design of an asymmetric flowerpot. (J) 3D isolated mesosurfaces 
with different aspect ratios and length scales (from millimeter to micrometer). 
Scale bars, 5 mm, 1 mm, and 500 um in the three optical images from left 

to right, respectively, and 100 um in the SEM images. (K) SEM image of a 
hemispherical microsurface (30 nm Ti and 2.7 um PI). Scale bars: (A) to (1), 

1 mm; (K), 100 um. 
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Input layer (X, Y, Z,) 


Discretize shell surface along Extract 3D coordinates (X,, Y, Z)) of 
eleven curved radial ribs feature points along curved radial ribs Output layer (x; Y;, 9) 
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oY 


3D seashell-like mesosurface (Exp.) 2D precursor Coordinates (x; Y;) of feature points in 


the 2D precursor and the porosity g, Neural network for inverse design 


Fig. 3. Inverse designs of 3D complex mesosurfaces using a point cloud— mesosurface (200 nm Ti and 7 um PI), which is divided into discretized ribbon 
based machine learning method. (A) Schematic illustrations of the process of the | components using a set of planes across a central line. (C) Similar results for a mask- 
inverse design for a seashell mesosurface (20 nm Ti and 7 um PI). (B) Target like mesosurface (20 nm Ti and 7 um Pl) with regional discretization through radial 
geometries, discretization strategies, experimental results, and comparisons between _and parallel cuts. (D) Similar results for an ant-like surface (20 nm Ti and 7 um PI) 
the computed point cloud (blue) and the design target (orange) for a pimento-like based on a cutting strategy similar to CT scanning. Scale bars, 5 mm. 


ribs in this example). A point cloud-based ar- | (see the supplementary text and figs. $28 to | loadings [i.e., displacements (A,, A,) and ro- 
tificial neural network (36) is exploited to pre- | S32). Then, the 2D microlattice pattern con- | tation angle (©) of bonding sites in the X-Y 
dict the 2D point coordinates (@;, y;) and their | taining 12 separate ribbons and bonding sites | plane] applied to the 2D ribbon precursors 
corresponding porosity (@;) on the basis of the | can be generated, given the optimal set of (@;, | can be determined directly by the coordinates 
training by generating a dataset through FEA | 4;,@;) and prescribed meshing method. The | of bonding edges in the 2D precursor and 
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target seashell surface. Considering the neg- 
ligible axial elongation or compression of 
ribbon components during buckling deforma- 
tions, each ribbon component typically requires 
a distinct loading condition, indicating that 
the entire seashell surface cannot be formed 
through a single-step assembly on the same 
substrate. Each ribbon component is assem- 
bled on a separate substrate (see the supple- 


Fig. 4. Applications of 3D curved meso- 
surfaces based on bioinspired micro- 
lattice designs. (A) Optical image of a 
breathable, hemispherical electronic 
device that integrates mini-LEDs, chip 
thermistors, and a heater. (B) Conformal 
electronic device wrapped around the 
cherry tomato, cactus, and apical region 
of a pig heart. (©) Measured temperature 
change of the heart surface (top) under a 
finger press and during the thermal 
ablation therapy in a local region of the 
heart (bottom). Scale bars: (A) and (C), 

1 mm; (B), 5 mm. (D) Optical image of a 
stingray-like actuator with two circuits 
arranged on two sides of the body. (E and 
F) Optical images and amplitude 
responses of two vibration modes (left: 
top-down mode; right: left-right mode) of 
the 3D actuator excited by Lorentz forces. 
A and ho are the vibrational amplitude and 
initial height of front tips of two “fins,” 
respectively. Scale bars, 5 mm. (G to 

1) Schematic illustrations of the 2D precur- 
sor designs (G), FEA results of assembled 
3D configurations (H), and corresponding 
experimental results (I) of an electronic 
cell scaffold. Scale bars in (I), 5 mm (top) 
and 100 wm (bottom). (J and K) Fluores- 
cence-stained images and magnified 
images of the electronic cell scaffold 
with RPE cells. Scale bars: (J), 1 mm; (K), 
200 um. (L) SEM images of local regions 
after freeze-drying. Scale bars, 100 um. 
(M) Impedance curves for electrodes |, Il, 
and Ill with three different conditions. 
(N) Relative changes of the impedance 
at 10 kHz as a function of the trypsin 
treating time for three different elec- 
trodes. The average values of four 
independent experiments are shown with 
SD values. (0) Optical images of the 

RPE cells before and after 8 min of trypsin 
treating. Scale bars, 20 um. 


mentary text) and then transferred onto the 
same platform using the aforementioned 
strain-limiting frame to form the entire 3D 
mesosurface (figs. S33 and $34). Quantitative 
comparisons of feature-point coordinates in 
target seashell surface, FEA, and experiments 
show a high degree of agreement (fig. S35). 
Refining the discretization with more strategic 
cuts leads to an enhanced agreement of the 
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resulting mesosurface and the design target 
(fig. S36). 

As illustrated above, the mapping between 
3D complex mesosurfaces and 2D microlattice 
films is actually simplified into the one be- 
tween a set of 3D point cloud (X%;, Y;, Z;) and 
another (2; ,Y;, @;). Therefore, the compu- 
tational cost could be reduced considerably 
to facilitate the inverse design of complex 3D 
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surfaces. The strategy used to discretize the 
target surface is important in this method. 
For 3D surfaces with an approximate rota- 
tional symmetry, a set of planes that cross a 
central line can divide the mesosurface into 
discretized ribbon components. The pimento 
and carambola serve as two mesosurfaces that 
can be inversely designed following this dis- 
cretization strategy (Fig. 3B and figs. S37 and 
$38, A and B). Extraction of spatial coordi- 
nates of feature points allows a quantitative 
shape comparison between biomimetic micro- 
lattice structures and target surfaces (Fig. 3B 
and figs. $37, right, and S39, A and B). For 
mesosurfaces without a clear symmetry, the 
target surface can be first divided into certain 
subsurface parts according to the geometric 
feature, and then each part can be further dis- 
cretized using an appropriate strategy (e.g., 
radial or parallel cuts). As an example, Fig. 
3C and figs. S38C and S39C present results of 
an inverse design for a target surface that re- 
sembles a face mask. Here, the inverse design 
begins with cutting the surface into three parts, 
followed by discretizing these parts into five, 
three, and five ribbon components, for the 
“forehead,” “nose,” and “chin” parts, respective- 
ly. Figure 3D illustrates the use of the proposed 
inverse design method in generating an ant- 
like mesostructure in which the main body 
part is discretized using a cutting strategy sim- 
ilar to computed tomography (CT) scanning. 
The six legs and two tentacles are designed 
separately and then added to the main body part 
after its assembly. The entire ant-like microlat- 
tice structure consisting of 4034 microtriangles 
and 7826 microribbons accurately reproduces 
the design target (Fig. 3D and figs. S38D and 
S39D), showing the capability of the point cloud- 
based method in designing highly complex 3D 
mesosurfaces. 


Device applications based on bioinspired 
microlattice designs 


The bioinspired microlattice designs allow the 
construction of 3D electronic systems with the 
desired curvature distributions for either con- 
forming to or replicating the curvy surfaces of 
biological tissues and organs. Figure 4A presents 
a breathable, hemispherical electronic device 
for cardiac sensing, optical stimulation, and 
thermal ablation. This device consists of 11 blue 
mini-LEDs, four chip thermistors, and one 
heater, and copper wires (250 nm) sitting on 
PI microlattice frames (10 um) serve as the elec- 
trical connection (fig. S40). Here, we introduce 
optimized serpentine structures as strain- 
limiting frames in which the as-assembled 
hemispherical shape can not only be well main- 
tained in the freestanding state, but can also 
be deformable to adapt to nonspherical sur- 
faces to yield high signal-to-noise ratio tem- 
perature sensing (Fig. 4B and Fig. 4C, top; fig. 
S41; and movie S4). The microlattice design 
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not only reduces physical constraints [e.g., in- 
terfacial adhesion and wrinkles (37, 38); fig. 
S41F] on the heart, but also provides micro- 
channels for the lubricating fluid in the peri- 
cardium to avoid pericardiosymphysis. This 
device could be used for the treatment of heart 
arrhythmias (39). An array of blue micro-LEDs 
could perform optogenetic therapy with large 
area of optical stimulation, and the micro- 
heater is capable of localized thermal ablation 
to suppress abnormal electrical signals on the 
heart surface (Fig. 4C, bottom). 

Biomimetic 3D mesostructures that imitate 
the dynamic characteristics of living organ- 
isms are also possible using the microlattice 
designs. Figure 4D, fig. S42, and movie S5 show 
a stingray-like 3D mesostructure with a curved 
body and a pair of “fan-shaped fins.” Two 
circuits integrated with the fins can generate 
periodically varying Lorentz forces to the 3D 
mesostructure under a fixed magnetic field 
(B) along the body length direction (Fig. 4D 
and fig. S42). Different vibration modes can 
be excited by varying current directions in the 
two circuits and adjusting their frequency (Fig. 4, 
E and F). The difference between measured 
resonant frequencies (5 and 100 Hz) of these 
two modes is evident, because of their dis- 
tinct deformation features. 

Development of 3D biological models and 
platforms that mimic in vivo 3D microenviron- 
ments has important implications for inves- 
tigating fundamental behaviors (e.g., growth, 
apoptosis, and pathogenesis) of cells. For ex- 
ample, the retinal pigment epithelium (RPE) 
cells in the 3D curved surface of the outer blood- 
retinal barrier-vascular complex are essential 
in transporting biological molecules between 
the retina and blood, but existing culture mod- 
els of RPE cells are limited to 2D planar geom- 
etries (40). A spherical cap-shaped electronic 
cell scaffold with integrated sensing capabilities 
is presented here (Fig. 4, G to I; supplementary 
text; and fig. S43), in which the curvature ra- 
dius (~7.5 mm) is close to that of rabbit RPE. 
RPE cells were planted on the 3D scaffold, and 
then cultured for 15 days with the medium 
changed every 2 days. Figure 4, J and K, pro- 
vides fluorescent staining images of RPE cells 
growing on the electronic scaffold. It can be 
seen that RPE cells are uniformly spread across 
the whole curved surface because of the rela- 
tively closed configuration and micrometer- 
sized lattices (5 to 62 1m in microribbon length, 
which is similar in size to the RPE cells) of the 
3D scaffold. As evidence, Figs. 4K, bottom right, 
and 4L and fig. S44 show that RPE cells could 
cross the gaps between adjacent ribbon com- 
ponents of the curved mesosurface to connect 
with each other. Results of impedance mea- 
surements based on the 3D electronic scaffold 
are shown in Fig. 4, M and N. Because RPE cells 
behave as dielectric materials when immersed 
in culture media under electrical stimulation 
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(41, 42), a distinct increase of impedance can be 
observed after growth of RPE cells on the scaf- 
fold (Fig. 4M). To test the sensitivity of imped- 
ance measurements to physiological activities 
of RPE cells, a trypsin solution was used to treat 
these cells, and the time responses of imped- 
ance were recorded (Fig. 4N). As the time of 
trypsin treating increases, the impedance drops 
rapidly and eventually stabilizes because trypsin 
causes RPE cells to contract and partially detach 
from the scaffold, as evidenced by the optical 
images shown in Fig. 40 and fig. S45. These 
results suggest the 3D electronic cell scaffold as 
a noninvasive platform for studying real-time, 
spatial distributions of physiological activities 
(e.g., growth and apoptosis) of cells. 


Conclusion 


The bioinspired microlattice design strategy 
and inverse design methods presented herein 
allow for the rational assembly of 2D films into 
desired 3D mesosurfaces with diverse geome- 
tries, from regular surfaces (e.g., hemispherical, 
spherical, hemi-ellipsoidal, and hemi-toroidal 
surfaces) to highly complex surfaces (e.g., those 
resembling a volcano, flower, fruit, octopus, and 
ant). In principle, the microlattice designs are 
applicable to a broad set of materials, including 
but not limited to those demonstrated in this 
work (silicon, metals, chitosan, polyimide, SU8, 
and laser-induced graphene). Compared with 
previous strategies (21-24) for local stiffness 
control, the proposed microlattice design enables 
fundamental advances in realizable geometries, 
applicable materials, and length scales of the 
assembled 3D surfaces (see the supplementary 
text). Demonstrations in conformal 3D cardiac 
electronic devices, a bionic dual-mode actuator, 
and a 3D electronic cell scaffold suggest prom- 
ising application opportunities in bioelectronics, 
microelectromechanical systems, and micro- 
robotics. Additionally, the microlattice strategy 
can be used to design optical devices such as 
optical metasurfaces with angle-dependent re- 
flectance (fig. S46). 
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Emotional contagion is the most ancestral form of empathy. We tested to what extent the proximate mechanisms 
of emotional contagion are evolutionarily conserved by assessing the role of oxytocin, known to regulate 
empathic behaviors in mammals, in social fear contagion in zebrafish. Using oxytocin and oxytocin receptor 
mutants, we show that oxytocin is both necessary and sufficient for observer zebrafish to imitate the distressed 
behavior of conspecific demonstrators. The brain regions associated with emotional contagion in zebrafish 
are homologous to those involved in the same process in rodents (e.g., striatum, lateral septum), receiving 
direct projections from oxytocinergic neurons located in the pre-optic area. Together, our results support an 
evolutionary conserved role for oxytocin as a key regulator of basic empathic behaviors across vertebrates. 


motional contagion, described as the abil- 

ity to match the emotional state of an- 

other individual, has been considered 

the most ancestral form of empathy, on 

top of which more complex forms of 
empathic behaviors, such as consolation and 
helping, have evolved (e.g., rodents, elephants, 
dolphins, and primates) (/-3). Emotional con- 
tagion relies on simple perception-action 
mechanisms and provides important adaptive 
advantages to social living species (J). It en- 
hances social cohesion and the establishment 
of social bonds, as well as promoting the rapid 
spread of fear among group members once 
a threat (e.g., predators) is detected, which 
allows individuals to survive potential dangers 
without directly experiencing them (3). There- 
fore, emotional contagion is expected to be 
phylogenetically ancient, being present even 
in species with less elaborate social cognition. 
Indeed, social contagion of fear has been re- 
cently described in zebrafish (Danio rerio), 
consisting of transmission of the alarm re- 
sponse (i.e., distress behavior consisting in 
erratic movement and freezing) to observers 
and increases in observer cortisol levels sim- 
ilar to those of target individuals (4-6). More- 
over, behavioral responses are influenced by 
familiarity, with familiar distressed target fish 
eliciting stronger alarm responses in observers 
(5). The extent to which the distress behavior 
observed in zebrafish in response to alarmed 
conspecifics are phenomenologically similar 
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to emotional contagion, can also be argued 
through comparison with mammalian models 
of emotional contagion, such as facial expres- 
sions in orangutans (7) and freezing in rodents 
(8). We investigated whether social transmis- 
sion of the alarm response in zebrafish shares 
the same proximate mechanisms that have been 
described for social fear contagion in mammals. 
We focused on the oxytocin signaling system 
because nonapeptides of the oxytocin family 
are evolutionarily conserved across vertebrates 
(9) and have been implicated in the regulation 
of emotional contagion in rodents (10, 17) and 
fear recognition in humans (22, 13). 


Oxytocin signaling is necessary and sufficient 
for social fear contagion 


We used zebrafish mutant lines for the ligand 
(oxt) and the two receptors (oxtr and oxtrl) of 
the zebrafish oxytocin nonapeptide CYISNCPIG- 
NH, (isotocin) (9) to assess the role of oxytocin 
in social fear contagion. In zebrafish, as in 
other Ostariophysi fish species, injured individ- 
uals release an alarm substance from their skin 
into the water, originally termed Schreckstoff 
(fear substance), which is detected through 
olfaction eliciting a distress response consist- 
ing of erratic movement followed by freezing 
behavior (74). The sight of conspecifics in dis- 
tress also elicits the expression of this response 
in observers, indicating the occurrence of so- 
cial fear contagion in zebrafish (4-6) (Fig. 1). 
Therefore, we have used an experimental par- 
adigm in which a naive observer fish watches 
an unfamiliar conspecific shoal in a neighbor- 
ing tank (i.e., without chemical communication), 
to which we have administered either water 
(control) or the alarm substance (Fig. 1A). Given 
that freezing behavior was a more consistent 
distress response in wild types than erratic move- 
ment (Fig. 1, B to K), we have used it as a read- 
out for fear contagion. Observer individuals 
of all wild-type (WT) control lines (ie., oxt*/*, 
oxtr’’*, and oxtrl‘/*) significantly increased their 
freezing behavior when exposed to a distressed 
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shoal. By contrast, observer individuals of all 
mutant lines (i.e., oat! x oatr™! ~,and oxtr! 2) 
failed to significantly increase their freezing 
behavior when exposed to a distressed shoal 
(Fig. 1, C, E, and G). This indicates that oxy- 
tocin signaling is necessary for social fear 
contagion in zebrafish. Moreover, we admin- 
istered exogenous oxytocin to the ligand mu- 
tants and their controls to assess whether it 
could recue the social fear contagion pheno- 
type. We also injected another group of ligand 
mutants and their respective control with the 
vehicle solution to control for putative stress- 
ful effects of the injection. Mutants injected 
with oxytocin also significantly increased their 
freezing behavior when exposed to distressed 
conspecifics, indicating that oxytocin is both 
necessary and sufficient for social fear conta- 
gion (Fig. 1, E and G). These results also sug- 
gest the lack of compensatory actions by the 
vasotocin system, which is known to crosstalk 
with the oxytocinergic system. 


Oxytocin modulates the activity of ventral 
forebrain regions associated with social 
fear contagion 


To characterize the neural circuits associated 
with emotional contagion in zebrafish we ex- 
amined the expression of a neuronal activity 
marker, phospho-S6 ribosomal protein (pS6), 
in a set of forebrain and midbrain areas in- 
volved in social decision-making across verte- 
brates [i.e., social decision-making network 
(15)]. Significant changes were identified in 
two of these areas, the ventral (Vv) and cen- 
tral nucleus (Vc) of the ventral telencephalic 
area (Fig. 2A). The Vv is a putative homolog 
of the mammalian lateral septum and the Vc 
of the mammalian striatum (15). Notably, the 
expression, recognition, and sharing of emo- 
tions in humans also relies on the regulation 
of activity in these forebrain areas by oxyto- 
cin, even if higher order empathic functions 
are dependent on neocortical circuits (16-19). 
In zebrafish, we find that both areas exhibit a 
decrease in activity associated with the ex- 
pression of freezing behavior in observer wild 
types and an increase in activity with the lack 
of response in oxtr mutants (Fig. 2B). This 
suggests that zebrafish distress behavior dur- 
ing contagion is mediated by decreases in 
inhibitory cell activity and that overactivation 
of these cells in mutants prevents the expres- 
sion of this behavior. To test this hypothesis, 
we used a double reporter line for both ex- 
citatory (glutamate: vglut2/dsRed) and inhib- 
itory (y-aminobutyric acid, GABA: gadIb/GFP) 
neurotransmission (Fig. 2C). Compared with 
controls, during contagion the Vv indeed exhib- 
its greater activity in inhibitory cells (x74, = 
5.09, p = 0.024), but the Vc instead exhibits 
increased activity in excitatory cells (7), = 
9.90, p = 0.002). Notably, the oxytocinergic 
modulation of GABAergic inhibition is also 
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Fig 2. Oxytocin receptor deletion alters nodal neuronal activation. 

(A) Schedule of behavioral assay and immuno-staining; anatomical localization of 
the two brain areas responding to fear contagion: the central nucleus (Vc) and 
the ventral nucleus of the ventral telencephalon (Vv), with representative 
patterns of neuronal activity 
(B) Quantification of the 
density (cells per 5000 um?) of pS6 positive cells in each brain area, Ve and Wv; 
panels show representative examples (left to right: WT control, WT alarm, 
Quantified activity in cells 


hemicoronal sections identified by DAPI (cyan) and 
shown by pS6 (magenta) through immunostaining. 


mutant control, mutant alarm; scale = 20 pm). (C 


exhibited in the lateral septum of mice dur- 
ing social fear transmission (17). 

The zebrafish Vv conserves the role of the 
mammalian lateral septum as a functional 
connectivity area between the social behavior 
and mesolimbic system (75). Thus, the de- 
creasing inhibition when distress is observed 
enables otherwise suppressed signals during 
control conditions to be relayed between areas 
of the network. By contrast, the Vc conserves 
the role of the striatum as part of the meso- 
limbic reward pathway for downstream other- 
oriented motor and motivational controls 
(16, 18), which explains the excitatory in- 
creases similar to those noted in parts of the 
striatum in mice (79). Because the proportion 
of active cells during social fear contagion 
that were either inhibitory or excitatory was 
a minority (Vc 31.26% and Vv 15.86%), the 
overall decreased activity may relate to other 
oxytocin-induced changes in local cells, likely 
due to shifts in connectivity across the network. 
Oxytocin regulation of these ventral forebrain 
areas relies on projections from oxytocin neu- 
rons in the pre-optic area (Fig. 2D), and is 
confirmed by the expression of both zebrafish 
oxytocin receptors in these areas (oxtr, oxtrl; 
fig. S1), which is also in agreement with the 
pattern of brain distribution of oxtr in other 
teleost fish (20). Notably, both receptors are 
also expressed across most nodes of the social 
decision-making network, but the expression 
of the primary receptor (oxtr) is distinctly 
greater and more widespread (fig. S1). Thus, 
we examined the effect of oxtr expression on 
patterns of functional connectivity across the 
social decision-making network. 


Oxytocin modulates functional connectivity across 
brain regions in response to social contagion 


To study functional connectivity, we con- 
structed networks representing coactivation 
patterns during social fear contagion and con- 
trol treatments, for both wild types and oxtr 
mutants, with positive and negative correla- 
tions between nodes indicating excitatory and 
inhibitory patterns respectively. Although 
functional distributions differ between wild 
types and mutants under both control and 
treatment conditions, average inhibition and 
excitation notably differ only under the fear 
contagion treatment (fig. S2). Networks were 
tested for both excitatory and inhibitory dis- 
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tributions across genotypes and treatments, 
and for computed average levels of each [prob- 
ability in sample space, p()]. Under control 
conditions wild types and mutants show dif- 
ferences in the network distribution (excita- 
tion: KS = 0.23, P < 10+; inhibition: KS = 0.55, 
P< 10~°), but negligible differences in average 
signals (only inhibition: U = 3492, P < 10°, 
Cohen’s d = 0.18). Under treatment, oxvtr mu- 
tants exhibited both higher average excita- 
tion (U = 5744, P < 10°°, Cohen’s d = 0.67) and 
inhibition (U = 1972, P < 10°, Cohen’s d = 0.68), 
as well as greater differences in distribution 
(excitation: KS = 0.49, P < 10~°; inhibition: 
KS = 0.73, P< 10~°). Overall, the absence of 
emotional contagion in oxtr mutants was 
paralleled by a segregated pattern of func- 
tional connectivity (excitatory: KS = 0.38, P < 
10°; inhibitory: KS = 0.50, P < 10“) with sig- 
nificantly greater average excitation in their 
brain network (U = 5680, P < 10~°, Cohen’s d = 
0.49) than wild types displaying the socially 
transmitted distress behavior. In line with our 
findings in the reporter line, the Vv of the wild 
type loses all its inhibitory connectivity during 
treatment compared with the control, but in 
mutants inhibitory connectivity is partially 
retained—namely to the anterior tuberal nu- 
cleus. By contrast, the Vc of wild types maintains 
inhibitory connectivity during contagion, shift- 
ing only in target nodes and reducing strong 
neighboring connections, which may explain the 
overall reduced activity. We also confirm that 
it exhibits excitatory links, most of which are 
to non-neighboring nodes and which do not 
appear in oxtr mutants. These include the 
habenula (HAV), the lateral hypothalamic 
nucleus, and the posterior dorsal telencephalic 
area, which are involved in fear and alarm re- 
sponses (6, 27). Node centrality also radically 
shifted in ranking between the brain networks 
of wild types and oxtr mutants, and with fear 
contagion compared with the control (fig. $3 
and table S1). In turn, only a single preserved 
submodule (at z > 3, P < 0.01) was shared be- 
tween wild types and oxtr mutants under the 
fear contagion treatment, and it constitutes 
the dorsal and ventral habenula, the posterior 
pre-optic area and the magnocellular preoptic 
nucleus. Considering the implications of the 
habenular nuclei in zebrafish fear responses 
and that the pre-optic area responds to the 
alarm substance (6, 27), this submodule is 
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(pS6 and DAPI) identified as either excitatory (glutaminergic: vglut2a) or 
inhibitory (GABAergic: gad1b) in double reporter lines (vglut2a:dsRed / gad1b: 
GFP) compared between the observation of control (C) or alarm-response (AS) in 
demonstrators (linear mixed model, with pS6 as covariate; Cohen's d quantifies 
effect size), with representative microscopy examples shown in panels. [Results are 
shown as mean + SEM; *P < 0.05, **P < 0.01, *** P < 0.001.] (D) Representative 
example of sagittal brain slice (confocal maximum intensity z-stack) showing 
immunostained oxt positive neuronal fibers (yellow) projecting to the Vv in the 
subpallium of adult zebrafish with TH cell groups (pink) also projecting to the Vv. 


likely involved in processing fear stimulation 
in both groups. Notably, although the submod- 
ule is isolated in oxtr mutants, in wild types it 
is integrated in a larger module together with 
ventral and dorsal areas of the telencephalon, 
and the ventral zone of the periventricular nu- 
cleus. This indicates that oxytocin drives greater 
functional integration when animals are ex- 
posed to distressed conspecifics. 


Oxytocin regulates the recognition of emotion-like 
states needed for social fear contagion 

The observed social transmission of fear in 
zebrafish can be regarded simply as behavior 
contagion based on motor imitation or as emo- 
tional contagion, which requires recognition 
of the demonstrator's state (i.e., emotion) and 
which triggers an automatic representation 
of the same state in the observer, causing an 
equivalent expression of behavior (22). Al- 
though zebrafish match both the behavior 
and cortisol levels of distressed individuals 
(4), this may be due to either recognizing and 
sharing the internal state of others or because 
the behavior of others signals local danger 
(e.g., predators) (14), which triggers propor- 
tional physiological and behavioral changes. 
Therefore, we decided to test state recognition 
explicitly by separating (in time) the moment 
the observer sees the distressed conspecific 
(observation phase) from a second moment 
(test phase), when the observer must discrimi- 
nate between the demonstrator previously ob- 
served in distress and the individual that was 
relaxed (i.e., only swimming). If observers can 
make this discrimination, it means that when 
they expressed alarm behavior in response to 
the observed distress behavior of conspecifics 
(observation phase), they were not merely re- 
sponding with motor imitation but were able 
to encode information on the behavioral state 
of demonstrators, which they subsequently 
used to discriminate between the two demon- 
strators when they are in a similar behavioral 
state (test phase). To this end, observers of oxt, 
oxtr, and oxtrl mutants and their respective 
WT controls were first exposed to two simul- 
taneous prerecorded video playbacks of the 
same demonstrator in conflicting states: neu- 
tral (swimming) and periodic distress (three 
bouts of erratic movement and freezing). Ob- 
servers were then exposed to two videos both 
showing the demonstrator in the neutral state, 
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Fig. 3. Content validity of A 
fear transmission by state 
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recognition. (A) Video 
playback tests enabled the 
controlled assessment of 
stimulus versus state recog- 
nition across two experimental 
phases: a 5-min observation 
of two conflicting videos 
presenting the same demon- 
strator in either a neutral 
state (control) or periodically 
distressed (stimulus) and a 
10-min local preference test 
while both videos displayed N 25 
the demonstrator in a neutral 

state. During observation B 
attention was measured by 
(B to E) the absolute heading 
toward the stimulus video 
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in which recognition was tested through local 
preferences based on the previously observed 
conflicting states (Fig. 3A). 

During observation, fish oriented toward 
erratic movement and freezing and thus at- 
tention shifted to the distressed behavior and 
not the level of movement (fig. $4). Notably, 
orientation preferences were not different be- 
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tween any of the oxytocin mutants and WT 
controls (Fig. 3, B to E). By contrast, the wild 
types replicated the distress behavior of the 
demonstrators whereas the oxytocin mutants 
failed to do so. However, the administration of 
oxytocin to the ligand mutant (ozt) rescued 
the distress contagion (Fig. 3, F to I, and fig. S5). 


This replicated the results of the live demon- 
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strator experiment regarding the necessary 
and sufficient role of oxytocin and further 
shows that attention is not moderating these 
effects. Notably, during the test phase wild 
type observers were motivated to approach 
and preferred being near the previously dis- 
tressed demonstrator, whereas oxytocin mu- 
tants did not express a motivation to approach 
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the previously distressed demonstrator (Fig. 3, 
J to M) and preferred being near the demon- 
strator that remained in a neutral state (Fig. 3, 
N to Q). This indicates that oxytocin is nec- 
essary and sufficient for zebrafish to recognize 
the distress from the neutral behavior in the 
same conspecific, suggesting the occurrence 
of an oxytocin-dependent emotion recogni- 
tion in zebrafish (23, 24). This is in line with 
responses in humans and mammals that im- 
plicate the recognition of a fearful state in 
others and not simply their behavior (25, 26). 
Moreover, because distressed behavior in zebra- 
fish signals local predation risk (74), our findings 
also show that oxytocin promotes interaction 
with distressed others despite heightened lo- 
cal risk. Such other-oriented acts that involve 
individual costs and benefits for others are 
typically referred to as prosociality, which is 
well-defined in mammals where it is also reg- 
ulated by oxytocin (2, 27-23). In this case the 
benefit for the receiver can be due to the buf- 
fering of distress in the presence of others, which 
has been also described in zebrafish (27). Thus, 
approaching and interacting with a distressed 
individual may prove to be a prosocial behavior 
in zebrafish, but further evidence is needed. 


Discussion 


The oxytocin regulation of social transmission 
of fear in zebrafish described here supports 
its evolutionary conserved role in emotional 
contagion, given its similar effects in mam- 
mals, where exogeneous administration of oxy- 
tocin increases observational fear responses 
(0, 11). Furthermore, in both zebrafish and 
rodents, oxytocin also regulates emotion rec- 
ognition (25, 27), which is the cognitive basis 
for emotional contagion. Therefore, it is plau- 
sible that oxytocin has been recruited early in 
the evolution of nonapeptides to regulate an- 
cestral empathic behaviors in group living 
species, and that it has been evolutionarily 
coopted to regulate more complex empathic 
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behaviors, such as consolation and helping 
(26, 28-30), in species with more complex cog- 
nitive abilities. However, to what extent the 
social contagion of fear observed in zebrafish 
and in mammals is homologous, or represents 
a case of convergent evolution, remains an open 
question. Although at this stage the homology 
hypothesis is more parsimonious as it requires 
fewer evolutionary transitions for the observed 
similarities, more comparative research across 
different relevant species is needed to disen- 
tangle these two hypotheses. From a human 
translational research perspective our results 
contribute to the validation of a phylogeneti- 
cally distant model of emotional contagion. 
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CLIMATE ADAPTATION 


The evolution of white-tailed jackrabbit camouflage 
in response to past and future seasonal climates 


Mafalda S. Ferreira’?*4*+, Timothy J. Thurman®, Matthew R. Jones®, Liliana Farelo™, 
Alexander V. Kumar®°, Sebastian M. E. Mortimer®, John R. Demboski’, L. Scott Mills>®, 
Paulo C. Alves'?*, José Melo-Ferreira’***+, Jeffrey M. Good?>*+ 


The genetic basis of adaptive traits has rarely been used to predict future vulnerability of populations 

to climate change. We show that light versus dark seasonal pelage in white-tailed jackrabbits (Lepus 
townsendii) tracks snow cover and is primarily determined by genetic variation at endothelin receptor type 
B (EDNRB), corin serine peptidase (CORIN), and agouti signaling protein (AS/P). Winter color variation was 
associated with deeply divergent alleles at these genes, reflecting selection on both ancestral and 
introgressed variation. Forecasted reductions in snow cover are likely to induce widespread camouflage 
mismatch. However, simulated populations with variation for darker winter pelage are predicted to adapt 
rapidly, providing a trait-based genetic framework to facilitate evolutionary rescue. These discoveries 


demonstrate how the genetic basis of climate change adaptation can inform conservation. 


reservation of genetic diversity is a pri- 

mary goal of conservation biology (J), 

reflecting the critical role that genetic 

variation plays in promoting rapid adap- 

tation to environmental change (2, 3). 
Although there has been progress in dissecting 
the genetic basis of adaptation in some species 
(4-6), rarely has such information been used 
to guide the conservation of populations (7, 8). 
These shortcomings reflect the difficulties of 
genetic mapping in natural populations (9) and 
using genotype-to-phenotype maps to facilitate 
adaptive responses (7). 

Circannual shifts in morphology, physiology, 
and behavior cued by changes in photoperiod 
allow many species to buffer the challenges of 
seasonal environments (J0). Seasonal molts to 
winter-white pelage and plumage have evolved 
in at least five animal families to maintain 
crypsis in snow-covered environments (//). 
Winter coloration has been directly tied to 
survival in snowshoe hares (12, 13), and several 
species appear vulnerable to camouflage mis- 
match caused by global snow cover declines 
(14-18). We examined how snow cover var- 
iation has shaped the evolution and future 
adaptive potential of winter camouflage in 
white-tailed jackrabbits (Lepus townsendit), 


ICIBIO, Centro de Investigacao em Biodiversidade e Recursos 
Genéticos, InBIO Laboratorio Associado, Universidade do Porto, 
Vairao, Portugal. "Departamento de Biologia, Faculdade de 
Ciéncias da Universidade do Porto, Porto, Portugal. “Division of 
Biological Sciences, University of Montana, Missoula, MT, USA. 
‘BIOPOLIS Program in Genomics, Biodiversity and Land Planning, 
CIBIO, Vairao, Portugal. *Wildlife Biology Program, College of 
Forestry and Conservation, University of Montana, Missoula, MT, 
USA. °US Fish and Wildlife Service, Fort Collins, CO, USA. 
7Zoology Department, Denver Museum of Nature & Science, 
Denver, CO, USA. 8Office of Research and Creative Scholarship, 
University of Montana, Missoula, MT, USA. 

Corresponding author. Email: sferreira.mafalda@gmail.com 
(M.S.F); jmeloferreira@cibio.up.pt (J.M.-F.); jeffrey.good@ 
montana.edu (J.M.G) 

Present address: Department of Medical Biochemistry and 
Microbiology, Uppsala University, Uppsala, Sweden. 

These authors contributed equally to this work. 


c 


Ferreira et al., Science 379, 1238-1242 (2023) 


a North American species undergoing wide- 
spread population declines (79). 


Winter coat color tracks variation in snow 
cover across the white-tailed jackrabbit range 


Winter coat color varies from brown to white 
across the white-tailed jackrabbit distribution 
(11, 20). We used 1312 georeferenced records to 
estimate a species distribution model (Fig. 1 and 
figs. Sl and S2A) (27) and used climate covar- 
iates and 196 museum specimens with mostly 
white or brown pelage to build a probabilistic 
model of winter coloration across the range 
(Fig. 1A and tables S1 and S2). 

Consistent with previous work (1/7), the 
probability of an animal having white pelage 
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40°N 


Ln, 
300 600km 


130°W 120°W 110°W 


increased with snow cover duration and a cor- 
relate of snow seasonality (mean diurnal tem- 
perature range) and decreased with an index 
of snow transience (isothermality; table S1). 
Our model predicted a mosaic of winter-white 
or -brown populations separated by zones of 
intermediate coat color probabilities. We found 
asteep winter color gradient between the Rocky 
Mountains and the Great Plains of Colorado 
(Fig. 1C), which included a previously described 
population with continuous coat color varia- 
tion (20). 


The genetic basis of winter coat color 


To dissect the genetic basis of winter color 
variation, we sequenced (62.5x; table S3 and 
data S1 and S2) and assembled a white-tailed 
jackrabbit genome (48.03 Mb scaffold N50; 
table S3). We also sequenced 74 genomes from 
the coat color polymorphic zone in Colorado 
(Fig. 1C) to low coverage (~1.8x; table $4), of 
which seven genomes were also resequenced 
to moderate coverage (~12.2x; data S1 and 
table $5). Analysis of 239,834 unlinked single 
nucleotide polymorphisms (SNPs) showed 
weak population structure partitioned across 
two genetic clusters not broadly coincident 
with coat color variation (fig. S3E; between- 
cluster weighted fixation index, Fs; = 0.036). 
Spectrophotometric analysis of six dorsal 
regions (fig. S4) uncovered considerable varia- 
tion in dorsal brightness, hue, and contrast 
(n = 61 specimens, 51% variance in the first 
principal component (PC1) figs. S4 and S5, 
A and D); variegation (14.6% variance in PC2; 
figs. S4 and S5, B and E); and mottling (7.5% 
variance in PC3; figs. S4 and S5, C and F). 


samples 
5 
10 


100°W 


Fig. 1. Winter coat color variation in white-tailed jackrabbits. (A) Probability of winter-brown coats 
across the modeled white-tailed jackrabbit distribution. (B) Representative winter coat color variation 
[Photo credit: IV.ZM.4312.P @ Denver Museum of Nature & Science]. (€) Sampling locations used 

for association mapping across Colorado, scaled by sample size. 
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White versus brown categories used in our 
binary phenotypic model (Fig. 1) consistently 
partitioned continuous color variation along 
PCI (fig. S4B). Genome-wide association tests 
between 5,557,716 SNPs and PCI of the spec- 
trophotometric data revealed significant asso- 
ciations robust to population structure on two 
scaffolds, each containing one gene involved 
in melanogenesis (Fig. 2 and fig. S6). 

One association centered on corin serine 
peptidase (CORIN: Fig. 2B; P = 7.26 x 107'), 
a serine peptidase expressed in hair follicles 
that acts as a downstream suppressor of the 
agouti signaling protein (ASIP) (22). Loss-of- 
function mutations in CORIN have been asso- 
ciated with enlarged pheomelanin bands and 
lighter pelage in tigers (23) and mice (24). The 
other association centered on the endothelin 
receptor type B (EDNRB, Fig. 2D; P = 3.31 x 
10°”), a G protein-coupled receptor essential 
to developmental migration and differentia- 
tion of melanocyte precursors (25, 26). EDNRB 
mutations cause white piebald spotting due to 
absence of melanocytes (27). For both genes, 
top associated variants were noncoding, con- 
sistent with a regulatory basis of seasonal cam- 
ouflage variation. 

We also performed association tests on all 
74 jackrabbits, binning color as white or brown, 
and found two additional associations. One 
overlapped a noncoding region (P = 1.29 x 
107"; figs. S6B and $7) near genes from the 
a2-macroglobulin gene family, which have been 
linked to reproduction (28-30), and may reflect 
a correlated seasonal trait. The other overlapped 
ASIP (P = 1.38 x 107"; fig. S6B), a well-known 
signaling protein that shifts melanogenesis to 
lighter phaeomelanin production or inhibits 
pigment production (37). ASIP has been asso- 
ciated with discrete winter coat color polymor- 
phisms in snowshoe and mountain hares (6, 32). 

We next used mass spectrometry to generate 
high-confidence genotypes for 59 jackrabbits 
with spectrophotometric data at 34 linked 
SNPs (average within-gene 7” = 0.93) across 
CORIN (n = 13 SNPs), EDNRB (n = 9 SNPs), and 
ASIP (n = 12 SNPs) (fig. S8 and data S1 and S3). 
CORIN (P = 6.82 x 10 °) and EDNRB (P = 7.73 x 
10°”) alleles remained strongly associated with 
PCI (tables S6 and S7), showing largely additive 
(Fig. 2, C and E; all P > 0.05, dominance de- 
viation test; tables S8 and S9) and independent 
effects (P > 0.05; Fig. 2F, fig. S9, and table S10). 
ASIP was not associated when including the 
other genes as covariates (tables S6 and S7), but 
we detected epistatic interactions between the 
top associated SNPs at ASIP and CORIN (P < 
0.05; table S10), consistent with known molec- 
ular interactions between these genes (22). A 
linear model of the top associated SNPs from 
each gene explained 65% of phenotypic varia- 
tion (model D, table S11). Although a precise 
estimate of effect sizes awaits more sampling, 
winter camouflage in white-tailed jackrabbits 
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Fig. 2. The genetic basis of winter coat color variation. (A) Genome-wide associations (—logioP values; 
5,557,716 SNPs) with winter coat color (inset: dorsal photos ordered by PC1) of 61 jackrabbits (dashed line, 
Bonferroni-corrected P = 0.05). (B to E) Local associations, gene structures, and dorsal reflectance 

across assayed diploid genotypes (BB, homozygous brown; BW, heterozygous; WW, homozygous white) for 
CORIN (B and C) and EDNRB (D and E). Significant associations are highlighted in dark blue (Bonferroni- 
corrected P < 0.05). (F) Dorsal images of specimens with double homozygous or heterozygous CORIN and 
EDNRB genotypes [Photo credit: IV.ZM.4312.P @ Denver Museum of Nature & Science]. 


appears to be primarily determined by large- 
effect additive genetic variation at CORIN and 
EDNBB, with a minor contribution of ASIP. 


Multigenic winter camouflage adaptation is 
shaped by selection on ancient genetic 
polymorphisms and gene flow between species 


Genome-wide comparisons among white-tailed 
jackrabbit genomes revealed increased scaled 
absolute genetic divergence between winter- 
white and winter-brown associated alleles of 
CORIN, EDNBB, and ASIP (Z-score = 3; Fig. 3A 
and fig. S10), indicating that seasonal camou- 
flage variation did not arise from recent muta- 
tions in white-tailed jackrabbits. To examine 
the history of these genes, we combined white- 
tailed jackrabbit genomes with 10 new and 
19 previously published (6, 32-36) genomes 
(~7.5 to 33.5x; table S5) from nine other Lepus 
species, including four showing seasonal cam- 
ouflage (data S1). Genome-wide analysis clus- 
tered white-tailed jackrabbits with three other 
color-changing species (Fig. 3B, fig. S11, and 
table S12). CORIN, EDNRB, and ASIP showed 
discordant local genealogies whereby winter- 
brown alleles from white-tailed jackrabbits 
grouped with black-tailed jackrabbits, a winter- 
brown species, whereas winter-white alleles 
grouped with closely related winter-white 
species (Fig. 3B and fig. S12). The estimated 
divergence time between the white and brown 
haplotypes exceeded 3 million years (Myr) at 
all three genes [EDNRB = 4.2 Myr (95% high- 
est posterior density (HPD) 3.3 to 5.0 Myr); 
CORIN = 3.3 Myr (95% HPD 2.9 to 4.3 Myr); 
ASIP = 3.1 Myr (95% HPD 2.4 to 3.7 Myr); fig. 
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$13], suggesting a common ancestor near the 
onset of Lepus diversification (37). 

Deep phylogenetic discordance at each gene 
could reflect gene flow from another species 
(38). Consistent with this, divergence (d,,,) across 
an ~88-kb interval overlapping AS/P was re- 
duced between black-tailed jackrabbits and the 
white-tailed jackrabbit brown allele relative 
to simulated expectations (Fig. 3C; fig. S14, B 
and C; and table S13). By contrast, the white 
allele showed normal levels of divergence com- 
pared to other winter-white hares (Fig. 3D and 
fig. S14D). Black- and white-tailed jackrabbits 
occupy similar prairie habitats with overlap- 
ping ranges and show substantial genome- 
wide introgression (D-statistic = 0.19, P << 
0.0001; 4% admixture (f;), P << 0.0001). The 
persistence of introgressed alleles, a binary as- 
sociation (fig. S6B), and a central role in color 
evolution (37) suggest that AS/P contributes to 
a component of color variation not captured by 
our measurements. This is the third instance 
of introgression at AS/P contributing to winter 
camouflage in hares (Fig. 3B) (6, 32), suggesting 
that some genes may be evolutionary hotspots 
for adaptive introgression (39). 

The evolutionary processes shaping varia- 
tion at CORIN and EDNRB were less clear. Di- 
vergence (d,,,) between black-tailed jackrabbits 
and the brown-associated intervals of both 
genes were not unusually shallow (Fig. 3C), 
as expected with recent introgression. How- 
ever, closer inspection revealed local phyloge- 
netic variation that is consistent with ancient 
gene flow (fig. S14). Although the causative mu- 
tations remain unknown, the top associated 
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Fig. 3. Evolution of winter coat color variation. (A) Scaled absolute genetic 
divergence (RND) in 20-kb sliding windows (dots, 2-kb step size) between 

one homozygous winter-white and winter-brown genome. Association intervals 
are gray, orange dots are windows of elevated divergence (RND Z-score = 3), and 
gaps represent missing data in the reference assembly. (B) Phylogenies of 
CORIN, EDNRB, and ASIP (associated intervals) differed from the multispecies 


coalescent tree (43,430 50-kb windows, fig. S11). An asterisk denotes species for 
which winter pelage variation has previously been associated with introgression 
(6, 33). Branches with bootstrap support <80 are labeled. (C and D) Empirical 
and simulated distributions of genetic divergence (d,y) genome-wide and for 


CORIN, EDNRB, and ASIP 
jackrabbits or (D) Arctic h 


SNPs at both genes fell outside putative in- 
trogression tracts. These patterns suggest a 
history of recombination among ancient color 
alleles at CORIN and EDNRB, likely main- 
tained by long-term spatially varying selec- 


Ferreira et al., Science 379, 1238-1242 (2023) 


tion (40). Collectively, these findings indicate 
that multigenic winter camouflage adaptation 
(Fig. 1), shaped by selection on standing and 
introgressed variation (Fig. 3), has long been 


between white-tailed jackrabbits and (C) black-tailed 
ares. 


Future climate change vulnerability and adaptive 
potential of seasonal camouflage variation 

Seasonal snow cover is predicted to decline 
over the next century (41), which may reduce 


important to white-tailed jackrabbit survival. 
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the adaptive value of winter-white coats (11). 
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Fig. 4. Adaptation to future 
climate-induced mismatch. 

(A) Predicted phenotypic mis- 
match (AProwny) in 2080 

using RCP8.5 forecasts of snow 
residence time, mean diurnal 
temperature range, and isother- 
mality (inset: predicted probability 
hifts toward winter-brown across 
he USA range). (B) Simulated 
ize trajectories of populations 
30 replicates; lines, averages; 
bbons, 95% quantiles) 
xperiencing future camouflage 
ismatch (AP(prowny = 0.75) 

hown as a proportion of the 
population ceiling (dotted line) 
assuming standing variation of 
additive (left panel) or recessive E 
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To understand how jackrabbit camouflage 
might evolve in response to climate change, 
we forecasted winter coat color probabilities 
for the year 2080 on the basis of correlates of 
snow residence time, seasonality, and tran- 
sience (Fig. 4A and fig. S2, D to F). We used 
forecasts under a high-CO, emissions scenario 
[Representative Concentration Pathway (RCP) 
8.5] to model challenging, though not unlikely 
(42), conditions that jackrabbits may experi- 
ence in the future. Under this model, winter- 
brown coats (Poprown) 2 0.8) will be strongly 
favored across much of the southern (USA) 
range (~49% at Parown) 2 0.8 in 2080; fig. S2, 
B to F), a 3.1-fold increase over historical con- 
ditions (16% at Payown) = 0.8). Although the rate 
of mismatch will depend on which emissions 
scenario transpires, future reductions in snow 
cover are likely to induce widespread camou- 
flage mismatch (Fig. 4A) given strong correla- 
tions of forecasted parameters across emission 
scenarios (27). 

Previous work proposed that standing var- 
jation for seasonal camouflage could promote 
rapid evolutionary rescue in species threatened 
by diminished snow cover (77). To understand 
if the genetic basis of camouflage inferred 
from Colorado populations may facilitate evo- 
lutionary rescue more broadly, we sequenced 
69 additional white-tailed jackrabbit genomes 
from across the range (~2.1x; table S14). Al- 
though winter phenotypes were mostly un- 
known for these samples, we found low genetic 
structure (Fsr = 0.020 Colorado versus North 
Dakota) and color-associated polymorphisms 
outside of Colorado at all three genes (fig. 
S15). Moreover, the presence of white alleles 
at the three genes was positively correlated 
with snow cover duration across the range 
(r = 0.33 to 0.46, p < 0.05; fig. S16). Therefore, 
multigenic color-associated variation appears 
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functionally relevant and broadly shared across 
the range. 

Next, we simulated the capacity for popula- 
tions with the largest forecasted mismatch 
(AP rown) = 0.75) to adapt to changes in snow 
cover. Focusing on large-effect variation at 
CORIN and EDNBRB, we found that populations 
without winter-brown alleles trended toward 
extinction, whereas populations with winter- 
brown alleles could adapt rapidly. Evolutionary 
rescue was likely even under a high-emissions 
scenario and when adaptive winter-brown al- 
leles were initially rare (Fig. 4B and figs. S17 
and S18). However, the efficacy of selection 
depended on genetic dominance. Fully recessive 
winter-brown variation, as found in other hares 
(6, 32), was associated with slower responses 
and larger population declines (Fig. 4B and 
fig. $18). Thus, the capacity for evolutionary 
rescue to buffer against future population de- 
clines in this and other species confronted by 
seasonal mismatch (17) will depend on local de- 
mography, the genetic architecture of adaptive 
traits, and frequencies of adaptive alleles (3). 


Toward a framework for prioritizing and 
facilitating conservation efforts 


Optimism that standing variation could en- 
able evolutionary rescue in the face of camou- 
flage mismatch is tempered by widespread 
population declines in white-tailed jackrabbits 
caused by habitat alteration, extermination, 
shifts in predator communities, and climate 
change (19) coupled with the emerging threat 
of rabbit hemorrhagic disease virus (43). Using 
regional conservation assessments (19), we 
found that populations predicted to harbor 
winter-brown variation (P@rowny = 0.8) have 
disproportionately experienced local declines 
or extirpations (Pearson’s 7 test P value = 
2.2 x 10°; Cramér’s V = 0.31; fig. S2C). Given 
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these threats, our predictive map of climate- 
induced camouflage mismatch (Fig. 4A) pro- 
vides an initial framework for prioritizing 
conservation efforts. Adaptive potential may be 
enhanced through local management actions 
aimed at reducing anthropogenic stressors and 
promoting connectivity between populations 
harboring critical winter-brown variation. Our 
findings also enable quantification of color- 
associated variation in vulnerable populations 
by using any DNA source without knowledge 
of winter phenotypes. In the absence of con- 
nectivity or standing variation, our simulations 
suggest that local adaptation could be accel- 
erated by modest amounts of human-assisted 
gene flow to mismatched populations (44). 

Safeguarding the adaptive potential of pop- 
ulations is central for conservation (1), yet the 
genetic basis of adaptation is rarely incorporated 
into applied conservation planning (JJ, 45). 
Landscape genomic approaches have proven 
useful for uncovering adaptive genetic varia- 
tion and climate change vulnerability with- 
out knowledge of phenotypes (46, 47). Our 
results show why a deeper understanding of 
the genetic basis of adaptive traits may also 
be needed to predict future responses of popu- 
lations threatened by climate change and how 
such insights may be applied to facilitate evo- 
lutionary rescue. 
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Direct synthesis and chemical vapor deposition of 2D 


carbide and nitride MXenes 


Di Wang', Chenkun Zhou’, Alexander S. Filatov’, Wooje Cho’, Francisco Lagunas?, 
Mingzhan Wang*, Suriyanarayanan Vaikuntanathan’, Chong Liu®, 


Robert F. Klie?, Dmitri V. Talapin??:4* 


Two-dimensional transition-metal carbides and nitrides (MXenes) are a large family of materials actively 
studied for various applications, especially in the field of energy storage. MXenes are commonly 
synthesized by etching the layered ternary compounds, called MAX phases. We demonstrate a direct 
synthetic route for scalable and atom-economic synthesis of MXenes, including compounds that have 
not been synthesized from MAX phases, by the reactions of metals and metal halides with graphite, 
methane, or nitrogen. The direct synthesis enables chemical vapor deposition growth of MXene carpets 
and complex spherulite-like morphologies that form through buckling and release of MXene carpet to 
expose fresh surface for further reaction. The directly synthesized MXenes showed excellent energy 


storage capacity for lithium-ion intercalation. 


Xenes, where M stands for early tran- 

sition metal (such as Ti, V, Nb, or Mo) 

and X is C or N, are a large family of 

two-dimensional (2D) transition-metal 

carbides and nitrides. Since the dis- 
covery of TizCzT, (T = O, OH, and F) in 2011 (, 
MXenes have been commonly synthesized from 
crystalline MAX phases (where A is typically 
Al, Si, or Ga) through selective etching of A 
atoms with hydrofluoric acid (HF)-containing 
solutions (J-3) or Lewis acidic molten salts 
(4, 5), followed by the delamination of the 
MXene sheets (6). Interest in MXenes contin- 
ues to grow because of their potential applica- 
tions in energy storage (7, 8), electromagnetic 
interference (EMI) shielding (9, 10), transpar- 
ent conductive layers (1), superconductivity 
(5), and catalysis (72). Moreover, the aforemen- 
tioned T components in MXenes can be re- 
placed with covalently bonded surface groups, 
including organic molecules, either during 
etching of the MAX phases (4, 13), or through 
postsynthetic modifications of surface groups 
(5). As such, opportunities are available to 
combine the benefits of 2D MXenes, such as a 
low diffusion barrier for cation intercalation 
(14), excellent electrical and thermal conduc- 
tivity (3), and nearly endless tailorability of 
molecular surface groups. 

Preparations of MXenes through high- 
temperature synthesis and chemical etching 
of MAX (15) or non-MAX (J6, 17) phases re- 
quire high energy consumption, show poor 
atom economy, and use large amounts of haz- 
ardous HF or Lewis acidic molten salts. The 
development of direct synthetic methods would 
facilitate practical applications of the rapidly 
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developing family of functional MXenes. An 
ideal approach would involve a reaction of in- 
expensive precursors into MXenes bypassing 
intermediate MAX phases. In 2019, Druffel et al. 
reported the synthesis of Y,CF, with a MXene- 
like structure from the solid-state reaction be- 
tween YF3, Y metal, and graphite (18), based 
on the previously reported synthesis of Sc, 
Y, and Zr metal carbide halides by Hwu et al. 
in 1986 (19). 

Among about 100 known MXene structures, 
Ti MXenes show some of the best combina- 
tions of physical and chemical properties (20) 
relevant to a variety of applications (27). We 
show that Ti,CCl, and TigNCl. MXenes can be 
directly synthesized from Ti metal, titanium 
chlorides (TiCl, or TiCl,), and various carbon 
or nitrogen sources, including graphite, CH,, or 
No. The directly synthesized MXenes (denoted 
as DS-MXenes) can be delaminated, and their 
surface groups can be replaced with other 
molecules through nucleophilic substitution 
or completely removed by means of reduc- 
tive elimination (5). Besides convenience and 
scalability, the direct synthesis routes offer 
synthetic modalities not compatible with 
traditional MAX etching methods. For exam- 
ple, we demonstrated chemical vapor depo- 
sition (CVD) synthesis of extended carpets of 
TisCCly, TigNClo, ZroCClo, and Zr,CBr. MXene 
sheets oriented perpendicular to the substrate. 
Such orientations make MXene surfaces easily 
accessible for ion intercalation (7, 22) and 
chemical or electrochemical transformations 
(23, 24) by exposing edge sites with high cat- 
alytic activity (25, 26). 


Direct synthesis of TizCCl, MXene 


The synthesis of DS-Ti,CCl, was accomplished 
through the high-temperature reaction between 
Ti, graphite, and TiCl, (Fig. 1A). Titanium and 
graphite were ground into a fine powder in a 
3:1.8 molar ratio and combined with 1.1 molar 
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equivalent TiCl,. The mixture was sealed in a 
quartz ampoule and heated to 950°C in 20 min, 
and the temperature was maintained until 
the reaction was finished; typically, 2 hours is 
sufficient for maximum yield of MXene. The 
reaction could be performed on a multigram 
scale (fig. S1) and should be easily amenable 
to further scaling. 

Powder x-ray diffraction (XRD) and struc- 
tural analysis by means of Rietveld refine- 
ment of the as-synthesized reaction products 
(Fig. 1B) revealed the presence of a Ti,CCl. 
MXene phase with the lattice parameters a = 
3.2284(2) A and c = 8.6969(1) A (numbers in 
parentheses are standard uncertainties), which 
are near the values reported for TigCCl, MXene 
synthesized by etching of Ti,AIC MAX phase 
with Lewis acidic molten salt (referred to as 
MS-MXenes) (5). Cubic TiC, (@ = 0.5 to 1) was 
often present as a by-product but could be 
efficiently removed through its precipitation 
from nonaqueous dispersions of the raw pro- 
duct prepared, for example, by means of ultra- 
sonic dispersion in propylene carbonate (PC) or 
delamination of DS-Ti,CCl, with n-butyllithium 
(n-BuLi) (Fig. 1C). 

The formation of Ti,CCl, MXene was ob- 
served initially at ~850°C, and the yield of 
MXene was maximal at 950°C (fig. S2A). TiC, 
became the dominant reaction product at 
temperatures >1000°C. At 950°C, the formation 
of TigCCl, phase was observed after 2 hours, 
and the ratio between Ti,CCl, and TiC, in 
products did not change substantially after 
increasing reaction time from 2 hours to 10 days 
at this temperature (fig. S2B). This finding 
naturally raises a question whether MXene 
was the kinetic or thermodynamic product of 
the reaction. We noticed that MXene phase 
did not form when we attempted to react 
TiC, with Ti and TiCl, or TiCl, (fig. S2C). 
However, prolonged heating of purified 
MS-TigCCl. at 950°C resulted in a partial 
conversion into TiC, (fig. S3). We concluded 
from these observations that TigCCl, was a 
kinetically favored phase forming in competi- 
tion with TiC,. 

The XRD patterns of DS-TigCCl. synthesized 
from TiCl; or TiCl, were similar (fig. S4B), as 
were scanning electron microscopy (SEM) im- 
ages of the products’ morphology, represented 
by large MXene stacks (Fig. 1D and figs. S5 and 
S6). A high-resolution high-angle annular dark 
field (HAADF) scanning transmission electron 
microscopy (STEM) image of DS-Ti,CCl, ori- 
ented along the [2110] zone axis and its corre- 
sponding electron energy loss spectroscopy 
(EELS) elemental maps are shown in Fig. 1, F 
and G, respectively. The center-to-center dis- 
tance between MXene sheets calculated from 
the HAADF image is 0.87 + 0.06 nm (fig. S7), 
which is in agreement with the value of 0.87 + 
0.02 nm measured with XRD on multiple sam- 
ples. DS-TigCCl, MXene sheets contained Ti and 
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Fig. 1. Direct synthesis and characterization of DS-TizCCl, MXene. 

(A) Schematic diagram of the synthesis. (B) XRD pattern and Rietveld 
refinement of DS-TizCCl2 prepared by reacting Ti, graphite, and TiCl, at 
950°C. (C) XRD patterns of dispersible delaminated and sonicated DS-TizCClo 


Cl with an atomic ratio of 49.9:50.1 (fig. S8), 
which is near the ideal 1:1 stoichiometry. This 
ratio suggested that the full coverage of MXene 
surfaces with Cl was achieved. In comparison, 
the MXenes synthesized by using the tradition- 
al MAX-exfoliation route are often deficient in 
surface coverage, with a typical stoichiometry of 
TigCCl, 5-17 (6). The formation of Cl-terminated 
titanium carbide sheets was further confirmed 
by characteristic binding energies (fig. S9) in 
the x-ray photoelectron spectroscopy (XPS) 
(27). All these features, together with the as- 
sessment of crystal quality from linewidths in 
Raman spectra (fig. S10), confirmed the high 
degree of structural perfection of our DS-TigCClp 
product. 

As-synthesized DS-Ti,CCl, MXene stacks 
could be delaminated and solution-processed 
as individual 2D monolayers (Fig. 1C and fig. 
S11). For delamination, multilayer MXene was 
first intercalated with Li* by treatment with 
2.5 M n-BuLi hexane solution (fig. S12A) (5, 28) 
then shaken with polar solvents such as N- 
methylformamide (NMF) or 2,6-difluoropyridine 
(DFP) to form a suspension of delaminated 
2D sheets (fig. $13). Insoluble by-products 
were selectively precipitated by a mild cen- 
trifugation at 240 g for 15 min (fig. S12B). In 
delaminated DS-Ti,CCly, the (0001) diffraction 
peak shifted to a lower 20 angle of 7.025 
corresponding to the enlarged d-spacing of 
12.54 A, from the original 8.70 A. A similar 
d-spacing expansion was found in delaminated 
Tiz;CoCl, MXenes (from 11.08 to 14.96 A) (5). 
Delamination of DS-Ti,CCl, MXenes can be 
performed on a multigram scale, producing 
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~25 g-liter ' colloidal dispersions that can 
be stable for months under N. atmosphere 
(fig. S14). 


CVD of MXenes 


CVD is a versatile technique for synthesizing 
films, heterostructures, and complete devices 
by reacting gaseous precursors on a substrate. 
Although transition-metal carbides and nitrides 
such as Mo,C, Mo.N, and TiC, can be grown 
with CVD (29-31), such a synthetic option has 
not been previously available for MXenes. 
We introduce the direct synthesis of MXenes 
through CVD and show a route to new mor- 
phologies of MXenes with more easily acces- 
sible surfaces and exposed catalytically active 
edges. 

We grew MXenes by CVD at 950°C on a Ti 
surface with a CH, and TiCl, gas mixture di- 
luted in Ar (Fig. 2A). After the exposure for 
15 min, the as-synthesized product (denoted 
as CVD-Ti,CCl,) was characterized by means 
of XRD (Fig. 2B). According to the Rietveld re- 
finement, the lattice parameters a = 3.2225(2) A 
and c = 8.7658(8) A matched well with the 
reported values for TigCCl, MXene (5). Raman 
spectra (Fig. 2C) also confirmed the purity of 
TigCCl, MXene. High-resolution STEM-EELS 
(fig. S15) and EDX analysis (fig. S16) confirmed 
the crystallinity and stoichiometry of CVD- 
Ti,CCl.. The center-to-center interlayer dis- 
tance of 0.88 + 0.05 nm calculated from STEM 
images (fig. S17) was typical for TigCCl, MXenes. 
SEM images showed a substrate fully covered 
with a wrinkled layer of TigCCl, (Fig. 2D). Such 
a carpet of TigCCl, MXene sheets grown per- 
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MXenes. (Inset) Colloidal solution of the delaminated DS-TizCClo. (D) SEM 
image and (E) EDX elemental mapping of a DS-TizCClo stack. (F) High- 
resolution HAADF image and (G) EELS atomic column mapping representing 
the layered structure of DS-TisCClo. 


pendicular to the substrate would be diffi- 
cult for traditionally synthesized MXenes to 
achieve. This morphology, previously observed 
for other CVD-grown 2D materials such as 
MoS, (32), appeared particularly promising 
for efficient ion intercalation, such as in super- 
capacitors (7, 22). 

We used direct CVD synthesis to produce 
MXenes that have not been previously prepared 
by the etching of MAX phases. For example, 
Z1oCCly and Zr2CBrz MXenes were synthesized 
by exposing a Zr foil to CH, and ZrCl, or 
ZrBr, vapor at 975°C. These two zirconium 
MXenes appeared in the same general morphol- 
ogy as that of the titanium MXenes, adopting 
vertically aligned carpet-like structure on the 
surface of the Zr foil (fig. $18). Arguably the 
most intriguing product of the direct synthesis 
was phase-pure nitride Ti, NCl, MXene formed 
through the reaction of Ti foil with TiCl, and 
Nz above 640°C (Fig. 2, A to C and E, and figs. 
S19 and S20). Nitride MXenes have been pre- 
dicted to have a variety of attractive proper- 
ties, including ferromagnetism and higher 
conductivity as compared with that of carbide 
MXenes (33). However, the challenge of making 
nitride MXenes by traditional methods of 
etching nitride MAX phases lies in higher 
energies needed to extract “A” atoms from 
corresponding MAX phase—for example, Al 
from Ti,,,,AIN,, (34). The nitride MXene sheets 
can dissolve in HF solution because of their 
lower stability (35). To date, only a few ni- 
tride MXenes have been synthesized, and ex- 
perimental realization of chloride-terminated 
nitride MXenes has not been achieved. Our 
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Fig. 2. CVD growth of MXenes. (A) Schematic diagram of the CVD reactions. 
(B) XRD patterns and Rietveld refinement for CVD-Ti2CClz and CVD-TizNClo. (C) Raman 
spectra of CVD-TizCClz and CVD-TizNClz MXenes in comparison with that of a 


CVD method, using Nz as the nitrogen source, 
further demonstrates the versatility of bottom- 
up MXene syntheses. These reactions can be 
useful beyond MXenes synthesis. Given that 
TiC, plays the key role in Ti metallurgy (Kroll 
process) and in synthesis of TiO. from tita- 
nium ores (chloride process), both being on 
the millions of tons annually, the above re- 
actions may create interesting opportunities, 
such as nitrogen fixation as a side process in 
conventional TiO, synthesis. 


CVD growth of hierarchically structured MXenes 


During the CVD synthesis of Ti,CCl, MXene, 
gaseous reagents react with the titanium sur- 
face (36). As the thickness of growing MXene 
carpet increases, the diffusion of gaseous re- 
agents toward the reaction zone (Fig. 3A) would 
slow down, and the growth of the MXene 
carpet would be expected to be self-limiting. 
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However, we observed a new growth regime 
that allowed MXenes to bypass this kinetic 
bottleneck through the sequence of growth 
stages captured by ex situ SEM studies (fig. 
$21) and shown schematically in Fig. 3B. The 
uniform growth of the MXene carpet (Fig. 2D) 
was followed by the formation of “bulges” (Fig. 
3C) that further evolved into spherical MXene 
“vesicles” (Fig. 3D). Next, these vesicles de- 
tached from the substrate (Fig. 3, F and G). 
The process could repeat itself, the exposed 
fresh surfaces enabling continuous synthesis 
of MXenes. After a prolonged CVD reaction, 
metal titanium was completely consumed (fig. 
$22). The internal structure of CVD-MXene 
vesicles was composed of TigCCly sheets ra- 
diating from the center and oriented normal 
to the surface (Fig. 3H and fig. S23). Imag- 
ing of a fragmented vesicle (Fig. 3E) and in- 
dividual vesicles dissected with a focused ion 
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traditional MS-TizCClz MXene, which was synthesized by etching TizAIC MAX phase 
with CdCl> molten salt. (D) Frontal and cross-sectional SEM images of CVD-Ti2CClo. 
(E) High-resolution HAADF images and EELS elemental mapping of CVD-TizNCle. 


beam (FIB) revealed a small void at the vesicle 
centers (fig. S24). Small TiC, crystallites have 
been often found around the central void of 
MXene vesicles (figs. S25 and S26), suggest- 
ing that buckling of MXene carpet can be 
initiated by TiC, nucleated under the grow- 
ing MXene carpet. 

The complexity of hierarchical organization 
of CVD-TizCCl, vesicles is unusual for MXenes. 
The formation of “flower-like” morphologies— 
observed, for example, for graphene (37)— 
typically resulted from anisotropic growth 
initiated by a spherical seed acting as center. 
However, in the case of CVD-grown MXenes, 
spherical vesicles emerged from the planar 
MXene carpet. Their possible growth mech- 
anism can be derived from a recent theoretical 
work, inspired by the nonequilibrium evolu- 
tion of cell and organelle membranes, that 
illustrated how membrane growth could lead 
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Fig. 3. Morphologies of CVD-TizCCl2. (A and B) Schematic diagrams 
illustrating the (A) reaction zone and (B) proposed buckling mechanism of 
CVD-TizCClo through which microspheres are formed. (C to E) SEM images 
show that morphology of CVD-TizCClz can be varied by tuning reaction 


to a variety of nontrivial geometries similar 
to our experimentally observed MXene ves- 
icles (38). 

The MXene carpet formed at an early stage 
of CVD growth (Fig. 2C) and loosely attached 
to the substrate can be approximated as an 
elastic 2D membrane. The energetics of such 
an elastic membrane can be defined through 
the surface area and local curvature by using 
a Helfrich Hamiltonian with a surface ten- 
sion and bending rigidity terms, proportional 
to the surface tension y and the bending ri- 
gidity «, respectively (39). When y, « > 0, the 
membrane naturally prefers a flat geometry 
under equilibrium conditions (40). However, 
when new material is constantly added to 
the sheet, the standard equilibrium descrip- 
tion fails to predict its shape and stability (42). 
During a CVD process, new MXene sheets 
keep nucleating and growing on the sur- 
face of Ti foil. The addition of new materials 
to a substrate with a fixed area creates sub- 
stantial in-plane stress within MXene car- 
pet, which can be relaxed by out-of-plane 
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analysis further shows th 
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wrinkling or buckling where flexible MXene 
carpet detaches from rigid Ti surface (42, 43). 
Viewed in the context of the above-described 
elastic sheet model, the growth of MXenes 
induced a negative surface tension in an ef- 
fective free-energy landscape (supplementary 
text 2). 

Van der Waals-bonded 2D MXene sheets 
can efficiently slide against each other, which 
creates only a small elastic penalty for the for- 
mation of buckled and curved geometries. Ulti- 
mately, these deformations can collapse into 
spherical vesicles that detach and refresh the 
substrate for further growth, as schematically 
shown in Fig. 3B. We found that gas reagent 
flow rate has a strong effect on the morphol- 
ogy of the CVD product. Flat carpets and bulges 
were favored at different flow rates (fig. S27), 
further suggesting that hierarchical morphology 
of CVD-grown MXenes results from the inter- 
play of complex reaction kinetics rather than 
from templated growth. We emphasize that 
detailed mechanistic understanding of MXene 
vesicles growth will require additional compu- 
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conditions. (C) Microspheres growing on carpets. (D) Individual microspheres. 
(E) A fragmented microsphere showing a hollow center. (F to H) STEM 


at vertically aligned MXene sheets constitute the 
d is left at the center. 


tational and experimental studies. We simply 
propose a plausible mechanism to help ex- 
plain the observed phenomenology. 


Electrochemical energy storage 


MXenes are known for their excellent pseudo- 
capacitive energy storage properties that stem 
from the combination of large surface-to- 
volume ratio and high electrical conductiv- 
ity. TigCT,, MXenes show some of the highest 
predicted and experimentally observed capac- 
ities among all studied MXene materials 
(20, 44). We investigated the Li-ion storage 
properties of electrodes prepared from DS- 
TigCCl, and CVD-Ti,CCl,. We performed elec- 
trochemical characterizations on DS-Ti,CCl, 
using a two-electrode (Li coin cell) configura- 
tion. A conducting additive, 10 wt % Super P 
carbon black, was added following the stan- 
dard approach. The first several cyclic voltam- 
metry (CV) cycles of a delaminated DS-Ti,CCl, 
electrode recorded at a scan rate of 0.5 mV-s* 
within the electrochemical potentials from 
0.2 to 3.0 V versus Li*/Li (fig. S28A) showed 
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Fig. 4. Electrochemical energy storage properties of TizCClz MXenes. 

(A) Cyclic voltammetry (CV) profiles of delaminated DS-TizCCls with various negative 
cut-off potentials at a scan rate of 0.5 mV-s +. (B) CV profiles of delaminated DS- 
Ti2CCly at different scan rates from 0.5 to 100 mV-s 2. Differential capacity Q was 
derived from differential capacitance C. (C) Change of DS-MXene electrode 
capacity and capacitance versus the discharge time during CV scan recorded at 


redox peaks that can be assigned to the for- 
mation of a solid electrolyte interphase (SEI) 
layer (4, 45). After the third CV cycle, the spe- 
cific capacitance of DS-MXene electrode sta- 
bilized at 341 F-g7’ (which corresponds to a 
capacity of 265 mA-hour-g”’) (fig. S28B), which 
is in a good agreement with previously re- 
ported data for MS-Ti,CCl, MXene (44). The 
rectangular CV profile without redox peaks 
suggests a pseudocapacitive energy storage 
mechanism for delaminated MXenes (46), 
which is further supported by the consistency 
of the rectangular CV profiles recorded with 
different negative cut-off potentials (Fig. 4A). 

The charge storage kinetics were investi- 
gated by measuring the dependence of electro- 
chemical current 7 on the potential scan rate v 
(supplementary text 3). In theory, the current 
scales with scan rate as i ~ v, where a b-value 
of 1 corresponds to a capacitive process, and 
a b-value of 0.5 is typical for battery-type 
energy storage (47). CV profiles of delami- 
nated DS-Ti,CCl, MXene at scan rates from 
0.5 to 100 mV-s ’ are shown in Fig. 4B. The 
specific lithiation capacities and capacitances, 
versus charge-discharge times and scan rates 
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calculated from the CV profiles, are plotted 
in Fig. 4C. The Fig. 4C inset shows the 7 
versus v plotted in logarithmic scale from 0.5 
to 100 mV-s ’. We observed a linear relation- 
ship with a slope of } ~ 0.89 for scan rates 
that ranged from 0.5 to 20 mV‘s ”, indicating 
a capacitive-like charge storage for the de- 
laminated DS-Ti,CCl, electrodes. Galvanostatic 
charge-discharge (GCD) profiles of a DS-TigCCl, 
electrode are shown Fig. 4D. About 48% ca- 
pacity was maintained from a current den- 
sity of 0.1 to 2 A-g”’, which is comparable with 
previously reported values for Cl-terminated 
MXenes (44, 48). A maximum capacity of 
286 mA-hour-g ’ was recorded at a specific 
current of 0.1 A-g”' within 0.1 to 3.0 V (fig. 
$29), which is slightly higher than previously 
reported value for the optimized perform- 
ance of MS-Ti,CCl, MXene (44). These elec- 
trochemical studies further confirm excellent 
electrochemical characteristics of DS-Ti,CCl, 
MXene. 

The high-rate performance of MXenes is 
sensitive to electrode microstructure such as 
flake size, flake orientation, and pore size dis- 
tribution (49). For example, restacking of ex- 
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various potential scan rates. (Inset) b-value determination. (D) Galvanostatic 
charge-discharge (GCD) profiles of DS-TizCClz from current densities of 0.1 to 
10 A-gt. (E) GCD profiles of CVD-TizCCl, from current densities of 3.4 to 650 pA. 
(F) Normalized galvanostatic discharge capacity of CVD-TizCClp and DS-TizCClo 
electrodes from 0.4 to ~160 C. Absolute capacity of DS-TizCClz is shown in 

the secondary y axis as a reference. 


foliated MXene sheets can reduce the surface 
area that is easily accessible for intercalating 
ions, which is a well-known problem of 2D 
materials (50). New morphologies, such as 
CVD-grown MXene carpets and vesicles with 
individual sheets oriented normal to the sub- 
strate (Fig. 3), can facilitate the development 
of MXenes for fast electrochemical energy 
storage. To preserve the as-synthesized mor- 
phology, CVD-TizCCl. grown on Ti foil (fig. S30) 
was directly used as an electrode for an elec- 
trochemical cell. Galvanostatic plots at various 
current densities highlight the high-power 
performance of CVD-Ti,CCl, electrode with 
vertically oriented MXene sheets in Li* inter- 
calation processes (Fig. 4E). The CVD elec- 
trode further shows a slightly better high-rate 
performance than that of delaminated MXene 
from 0.4 C to ~160 C (Fig. 4F). The b-value of 
CVD-TisCCl, was calculated as 0.93 (fig. S31D), 
which indicates an energy storage mechanism 
closer to that of a freely diffusing capacitor. 
A better understanding of ion transport in 
complex morphologies of CVD-grown MXenes, 
as well as charge transport between individ- 
ual MXene vesicles, should help to further 
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optimize the electrochemical performance of 
DS- and CVD-grown MXenes. 
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3D PRINTING 


A silicone-based support material eliminates interfacial 
instabilities in 3D silicone printing 


Senthilkumar Duraivel’, Dimitri Laurent”, Didier A. Rajon”, Georg M. Scheutz*, Abhishek M. Shetty‘, 
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Among the diverse areas of 3D printing, high-quality silicone printing is one of the least available 

and most restrictive. However, silicone-based components are integral to numerous advanced 
technologies and everyday consumer products. We developed a silicone 3D printing technique that 
produces precise, accurate, strong, and functional structures made from several commercially available 
silicone formulations. To achieve this level of performance, we developed a support material made from a 
silicone oil emulsion. This material exhibits negligible interfacial tension against silicone-based inks, eliminating 
the disruptive forces that often drive printed silicone features to deform and break apart. The versatility 
of this approach enables the use of established silicone formulations in fabricating complex structures 


and features as small as 8 micrometers in diameter. 


ilicone elastomer’s resistance to heat, 

chemical agents, weathering, ozone, 

moisture, and ultraviolet (UV) irradia- 

tion makes it critical for manufacturing 

countless products, including electronic 
devices, automobiles, aircraft, and medical de- 
vices (1). Silicone elastomers have been used in 
medical devices for many years (2), and their 
applications include embedded sensors (3), 
flexible electronics (4), soft robotics (5), and 
additive manufacturing (6). Silicone structures 
can be fabricated by using conventional tech- 
niques such as molding, or advanced techniques 
such as soft lithography and 3D printing (7-9). 
However, 3D printing with silicone generally 
results in low-quality products because of chal- 
lenges created by the interfacial behaviors of 
silicone pre-elastomer in its liquid state. These 
challenges can be partially addressed by using 
an embedding support material that flows 
around the translating printing nozzles while 
trapping deposited inks in space, providing 
stability to printed structures (10-14). How- 
ever, even under such stabilizing conditions, 
the interfacial tension between printed inks 
and their support media drives the deforma- 
tion and breakup of printed structures before 
they solidify (Fig. 1, A and B) (9, 75). Modifying 
silicone inks with additives can stabilize 3D 
printed structures (16, 17), yet a versatile ap- 
proach to additive manufacturing with un- 
modified silicone inks remains elusive. One 
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route to achieving high-quality 3D silicone 
printing without ink modification is to elim- 
inate the disruptive role of interfacial tension 
by using support materials that are chemically 
similar to the printed inks they stabilize (Fig. 
1C). Thus, there is a critical need to develop 
support materials that are chemically similar 
to poly(dimethylsiloxane) (PDMS) inks. 

We describe a method for 3D printing pre- 
cise, intricately detailed structures made from 
PDMS that makes use of a support material ex- 
hibiting negligible interfacial tension when in 
contact with silicone inks. We call this method 
additive manufacturing at ultralow interfacial 
tension (AMULIT). The AMULIT support mate- 
rial is a packed inverse emulsion composed of 
aqueous droplets in a continuum of silicone 
oil. The ultralow interfacial tension between 
the AMULIT support material and PDMS inks 
enabled us to print features with diameters as 
small as 8 um. We achieved high-performance 
printing by tuning the elasticity and flow 
properties of this support material, which 
allowed us to fabricate complicated shapes 
such as brain aneurysm models and func- 
tional trileaflet heart valves. We demonstrated 
that the AMULIT technique does not require 
specialized inks by using several different com- 
mercially available PDMS formulations to print 
various structures. With mechanical testing, 
we found that 3D printed structures produced 
by using AMULIT were more extensible than 
their molded counterparts and equally robust. 
We also found that these structures have a 
smooth surface finish at the macroscale and 
microscale roughness, which is facilitated by 
the low interfacial tension between PDMS inks 
and the AMULIT support medium. Our results 
show that the AMULIT 3D printing technique 
could be used to fabricate intricate silicone 
structures for biomaterial design and surgical 
simulators, and they introduce the possibility 
of expanding the method for printing with 
other materials. 
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Results 

Formulation and testing of AMULIT 

support material 

To formulate an AMULIT support medium 
for 3D printing with PDMS inks, we prepared 
inverse emulsions in which silicone oil was the 
continuous phase and varied the aqueous drop- 
let packing fraction, , and the average drop- 
let radius, a, between samples; » and a can be 
tuned independently to determine an emul- 
sion’s rheological properties and its corre- 
sponding performance as a printing support 
medium (/8). We expected a to strongly influ- 
ence the printed feature roughness because 
the material interfaces will not spontaneously 
flatten under conditions of ultralow interfacial 
tension. Thus, we formulated small emulsion 
droplets and chose 6 on the basis of the emul- 
sions’ rheological properties (fig. S1). The elastic 
shear modulus, G’, and yield stress, oy, of each 
formulation, were measured with rheological 
tests (materials and methods and fig. $2). For 
AMULIT printing, we chose an emulsion having 
oy = 9 Paand G’ = 320 Pa; the emulsion with 
these properties is weak enough to flow around 
atranslating printing needle yet strong enough 
to support complex 3D printed structures 
(9, 10). For this formulation, we estimated the 
Reynolds number near the translating nozzle 
during a typical print to be 10~° to 10°, which 
indicates that irregular flow patterns should 
be suppressed (supplementary text). For all 
formulations, we found that emulsions made 
from pure water droplets in silicone oil were 
extremely cloudy and inhibited visualizing the 
printing process. To make optically clear emul- 
sions, we matched the refractive indices of the 
two phases by adding glycerol to the droplets, 
which allowed the 3D printing process to be 
imaged at the macroscale with photography 
and at the microscale with confocal fluores- 
cence microscopy (CFM) (Fig. 1, D to G, and 
fig S3). 

To test the role of interfacial tension in em- 
bedded 3D printing, we compared the perform- 
ance of the AMULIT support medium with 
an all-aqueous support medium made from 
packed hydrogel microparticles swollen in 
water. In both cases, we 3D printed features 
made from a fluorescent PDMS liquid and 
imaged the ink-support interfaces using CFM 
(materials and methods). We formulated the 
packed microgels to have o, = 10 Pa and G' = 
550 Pa, values comparable to those of the 
AMULIT material. Examining the 3D fluores- 
cence images, we found that printed silicone 
features broke up and formed spherical drop- 
lets within the aqueous support. When a liquid 
ink is printed into a packed granular support 
medium, the smallest stable feature has a 
diameter given by dmin ~ 2y/oy, where y is 
the interfacial tension between the ink and 
the support medium (15). For the aqueous 
medium, y = 25 mN/m, so dyin Was 5 MM, 
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Fig. 1. Interfacial tension drives feature breakup in embedded 3D printing. 
(A) High interfacial tension between aqueous support materials and silicone inks 
destabilizes 3D printed features, driving them to break into spherical droplets. 
(B) Intermediate interfacial tension between organic support materials and 
silicone inks provides some stability but limits minimum stable feature size. 
(C) Ultralow interfacial tension between silicone oil-based support materials and 
silicone inks eliminates interfacial instabilities, removing the limits on minimum 
stable feature size. (D) CFM image showing silicone-based inks (green) that 


50 times the 100-1m diameter of the printed 
feature (Fig. 1, D and E). Thus, the breakup of 
the feature into droplets was expected. By con- 
trast, the 100-um diameter silicone feature 
printed into the AMULIT support material re- 
mained intact, indicating that y < 0.5 mN/m. 
To better estimate y between a PDMS ink and 
the AMULIT support medium, we performed 
a series of test prints in which din, was mea- 
sured for multiple values of oy, finding that 
y = 0.08 mN/m (fig. S4). We also observed 
that the characteristic roughness length scale 
at the feature surface was about one order 
of magnitude smaller than the feature di- 
ameter, from which we would estimate y = 
0.05 mN/m. These results indicate that the 
AMULIT approach can potentially achieve 
features 300 to 500 times smaller than those 
achievable when printing PDMS into an aque- 
ous support medium having the same material 
properties. 


Complex device fabrication using the 
AMULIT technique 


The improvement in complexity, quality, and 
functionality of PDMS vessel models traced 
in the published literature parallels a decrease 
in interfacial tension of silicone inks against 
their embedding materials. For example, hy- 
drocarbon support materials (9) improved on 
aqueous support materials (19). As a first test of 
the AMULIT method’s capabilities, we printed 
a model brain aneurysm; models with accu- 
rate vasculature are needed for improved 
patient simulators to train neurosurgeons in 
cerebrovascular procedures. Current simulated 
tissues provide unrealistic tactile feedback, 
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lack small-diameter intracranial angioarchi- 
tecture, and often exclude the aortic arch and 
extracranial vascular anatomy that determine 
which catheters and instruments are used in 
each procedure (20, 27). 

To create a model, we collected a 3D an- 
giogram of a patient’s brain aneurysm using 
x-ray computed tomography (XRCT). The 3D 
scan was segmented and processed to create 
a series of 3D printing trajectories (Fig. 2A 
and materials and methods). We used Gelest 
ExSil 100 silicone pre-elastomer, which can be 
formulated to have material properties that 
mimic a wide range of tissues. A snapshot 
from a video of the printing process demon- 
strates how the translating needle flows easily 
through the jammed emulsion, which traps 
the deposited silicone in place (Fig. 2B and 
movie S1). The printed structure was cured 
at 60°C for 24 hours and then imaged with 
XRCT (Fig. 2C). Horizontal and vertical slices 
through the 3D scan revealed that the highly 
branched, complex printed network of vessels 
is hollow, with an average wall thickness of 
=400 um (Fig. 2D and movie S2). The CT 
scan of the printed structure was used to 
create a 3D model for quantitative comparison 
with the original angiogram. The registration 
between the patient-derived model and the 
printed model is excellent; 68% of the printed- 
surface locations lie within 500 um of their 
programmed locations, and 95% lie within 
1 mm (Fig. 2, E and F). 

Our ability to accurately model brain vascu- 
lature raises the question of whether such fine 
structures can be manufactured to be both 
highly compliant and physically robust. The 
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100 um 


break into droplets when printed into support materials made from aqueous 
microgels (red). (E) A droplet digitally isolated from the support and examined 
from different angles. The droplet appears nearly spherical and exhibits a smooth 
surface. (F) By contrast, the silicone-based ink (green) remains continuous 

and retains its shape indefinitely after printing into a silicone-based support material 
(red). (G) When viewed from different angles, the printed features exhibit roughness 
with a characteristic length scale of the microparticles composing the support 
material, facilitated by ultralow interfacial tension. 


artificial aortic heart valve belongs to a class 
of devices with such requirements. Native 
aortic heart valves are subject to dynamic 
mechanical loads during the cardiac cycle (22). 
Prosthetic replacement is widely used to treat 
aortic valve failure, yet the predominantly 
used mechanical valves and allogeneic- or 
xenogeneic-tissue valve replacements often 
result in mechanical failure, hemolysis, blood 
coagulation, or structural degradation due to 
calcification. A potential alternative is an arti- 
ficial silicone valve prosthesis; silicone is es- 
tablished in vascular applications because of 
its hemocompatibility and durability (22-27). 
The AMULIT 3D printing method can be used 
to replicate the intricate semilunar shape of 
the thin aortic leaflets in manufactured sili- 
cone valves. We designed a model heart valve 
based on physiologically representative dimen- 
sions of the different valve components (Fig. 2, 
G and H, and fig. S5) (28). We used a UV- 
curable silicone formulation, Silopren UV 
Electro-225-1 (Momentive), as the ink and 
printed it into the AMULIT material (Fig. 21). 
To create highly flexible leaflets, we printed 
the structure by translating the needle tip at 
a speed of 2mm/s and depositing material at a 
rate of 125 uL/hour, producing features ~150 um 
in diameter. Correspondingly, we chose a layer 
spacing of 100 um for good layer adhesion. 
The printed model was then UV cured, re- 
moved from the AMULIT material, washed 
with detergent, and rinsed in deionized water 
(materials and methods). The cured part had a 
final wall thickness of ~250 um. Despite having 
very thin, flexible walls, the model valves were 
physically robust enough to connect to pipe 
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Fig. 2. AMULIT printing of brain aneurysm and aortic heart valve models. 
(A) Brain aneurysm models for surgical simulations comprise complex, intercon- 
nected, hollow tubes with intricate details. (B) Photograph of the aneurysm model 
being printed into the AMULIT material. (C) CT imaging of the 3D printed model 
within the printing container shows the complexity of the printed aneurysm. 

(D) Slices through the CT scan show that the printed structure exhibits the hollow 
channels of the patients’ neurovasculature. (E and F) The printed structure overlays 
well with the patient's neurovasculature, and quantitative error analysis demon- 
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(Left) Intensity-inverted images. These images are 


averaged along the x axis, yielding an intensity profile across each feature. (Right) A Gaussian function is 
fit to the intensity profile to determine the diameter of the printed line. We measured printed feature 
diameter with brightfield microscopy, varying the translation speed, v, of the printing nozzle and the ink 
deposition rate, Q. (B) Feature diameter of the printed silicone is controllable and can be predicted from a 


fluid continuity equation with no fitting parameters. 


fittings and simulate transvalvular blood flow 
through cyclic pumping of water (movie S3). 
During the negative flow of the pulse rep- 
resenting the diastolic cycle, the valves re- 
mained closed with very little deflection on 
the thin leaflets (Fig. 2J), and during the posi- 
tive pulse corresponding to the systolic cycle, 
the leaflets deflected, opening the valve and 
letting the water flow (Fig. 2K). 
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AMULIT performance: Feature size and 

print quality 

The wall thicknesses of the brain vasculature 
and heart valve models were set by using a 
combination of feature diameter and layer 
spacing. The feature diameter, d, for different 
prints, can be chosen by selecting a combi- 
nation of nozzle translation speed, v, and ma- 
terial deposition rate, Q. To systematically 
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strates agreement between the two (+1 mm error range corresponds to 95% of all 
points). (G and H) A model tricuspid aortic heart valve designed by using the 
geometric measurements of the native heart valve. (I) A silicone heart valve model 
printed in a single seamless trajectory with a wall thickness of 250 um within 

the AMULIT support medium and cured under a UV lamp. (J and K) Once cured 
and washed, the valve model is robust enough to be coupled with a water supply, 
simulating transvalvular flow of the cardiac cycle. The thin leaflets of the valve are 
observed to open and close during the systolic and diastolic flow of the simulation. 


explore how well d can be predicted with the 
AMULIT technique, we printed a series of 
linear features using the Smooth-On Mold 
Max 10 PDMS formulation at different com- 
binations of v and Q and then measured d 
(Fig. 3A and materials and methods).We pre- 
dicted the relationship between d, Q, and v, 
given by 1 (d/2)? = Q/v, according to basic 
fluid continuity. Performing many experi- 
ments at different combinations of Q and v, 
we found that this prediction matched the 
measured feature diameter very well with no 
adjustable parameters (Fig. 3B). These printed 
features were stable over time; the change in 
measured feature size over the course of 
120 min postprinting was found to be neg- 
ligible (fig. S6). We were able to fabricate 
stable silicone features as small as 8 um in di- 
ameter using the AMULIT printing technique; 
the smallest stable feature diameter we have 
seen previously demonstrated with unmodified 
silicone was 40 um, although smaller unstable 
features were also reported (9). A feature di- 
ameter of 10 um was previously achieved by 
modifying silicone ink with emulsion droplets 
(16, 29). To print these very fine features, we 
formulated an AMULIT support material with 
an increased yield stress using droplets 1 um 
in diameter (fig. S1); the high-magnification 
images in Fig. 1F indicate that larger droplets 
would impose interfacial roughness compara- 
ble to these small feature diameters. 

We have shown that highly controlled 3D 
printing with PDMS is possible with the AMULIT 
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Fig. 4. Material and surface properties of the AMULIT printed silicone 
structures. (A and B) Silicone tensile specimens are subject to unidirectional tensile 
stress and are stretched to failure. (C) Tensile stress-strain curves of the specimens 
printed with their features oriented parallel and perpendicular to the tensile force 


technique, and the functionality of the heart 
valve model suggests that such structures may 
be sufficiently compliant and durable for use in 
applications. To test the mechanical perform- 
ance of printed silicone structures, we fabri- 
cated tensile specimens using PlatSil-71 RTV 
(room-temperature vulcanizing) (Polytek) sili- 
cone formulation following ASTM standard 
D412 Type C specifications. To test the role of 
layer-to-layer adhesion in the mechanical in- 
tegrity of the samples, we printed them with 
their extruded features oriented in both the 
longitudinal and lateral directions with respect 
to the long axis of the specimen geometry. 
The printed structures were cured at 60°C for 
4 hours and then tested by using an Instron 
5943 at a loading rate of 500 mm/min (Fig. 4, 
Aand B). The tensile stress-strain data showed 
that both the lateral and longitudinal print 
specimens differed negligibly from one anoth- 
er and had the same elastic modulus of 28 kPa 
(Fig. 4C). All printed specimens exhibited 
linear stress-strain relationships at low strain 
levels and repeatable stress-strain curves at 
higher strains, failing at strains greater than 
1000%. Comparing these results with the per- 
formance of molded specimens, we found that 
all the stress-strain curves had the same shape 
but that printed structures failed at higher 
strains than molded structures, whereas molded 
structures exhibited elastic moduli approxi- 
mately twice those of printed structures. This 
softening effect could arise from systematic 
heterogeneities in the printed structures in- 
herent to the 3D printing process. Addition- 
ally, we conducted fatigue tests, imposing 10° 
cycles of +10% strain, alternately stretching 
and buckling the samples. Subsequent tensile 
tests showed that the printed structures ex- 
hibited less fatigue than did their molded 
counterparts; the elastic modulus dropped 
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by 18% for the cast samples and 14% for the 
printed structures (fig. S7). 

As a final assessment of the quality of struc- 
tures fabricated with the AMULIT printing 
technique, we investigated the surface finish 
of fabricated parts. The ultralow interfacial 
tension between the silicone and the AMULIT 
support material was expected to produce micro- 
rough surfaces on the printed shapes. Using 
CFM, we imaged a segment of the heart valve 
model immersed in a rhodamine solution, vis- 
ualizing and quantifying the surface roughness 
in 3D. We found the root mean square (RMS) 
roughness to be 6.54 + 0.95 um (mean and 
standard error, respectively) which is compa- 
rable to the average diameter of emulsion 
droplets used in these tests, +4 um. Thus, we 
expect a smaller roughness with smaller emul- 
sion droplets such as those used to print very 
fine features (Fig. 3B). This value is also com- 
parable to the roughness of PDMS structures 
printed into support materials that exhibit a 
high interfacial tension against silicone inks 
(9), so it may be limited by other factors. In 
either case, our results demonstrate that elimi- 
nating disruptive interfacial driving forces with 
the AMULIT technique enables precise silicone 
printing without reducing surface quality or 
mechanical performance of fabricated struc- 
tures. The added role of emulsion droplet size 
in surface roughness may enable a printed 
structure’s optical properties to be tuned while 
independently controlling its mechanical per- 
formance through ink composition or feature 
diameter. 


Conclusions 


The AMULIT 3D printing method eliminates 
the disruptive effects of interfacial tension be- 
tween printed inks and their support mate- 
rials. Our results show that AMULIT printing 
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show linear stress-strain relationships at low strains and exhibit an elastic modulus 

of 28 kPa. (D and E) Surface profiles of the printed silicone heart valves exhibit 
microroughness with an RMS value of 5.5 um, likely determined by the emulsion droplet 
radius and the ultralow interfacial tension with the AMULIT support material. 


can be used to make precise, smooth, strong, 
and functional devices from commercially 
available PDMS formulations. The versatility 
of the AMULIT technique eliminates the need 
to formulate specialized PDMS inks for 3D 
applications and broadens the toolbox for re- 
searchers and industrial manufacturers seek- 
ing to 3D print PDMS-based devices, while 
improving on previous silicone printing meth- 
ods. The AMULIT strategy hinges on formu- 
lating support materials that are chemically 
similar to the inks they support—in this case, 
PDMS inks printed into a continuum of PDMS 
oil—although the same principle could be used 
with aqueous polymers. Despite the chemical 
similarity between the ink and the support 
medium, we never observed intermixing be- 
tween the two materials that interfered with 
printing quality. The very low Reynolds num- 
ber exhibited during embedded 3D printing 
with materials such as those we used should 
facilitate the formation of ink-support inter- 
faces (30), potentially stabilized by an effective 
interfacial tension (37) or a form of liquid- 
liquid phase separation (32), likely influenced 
by the jammed emulsion phase. Additionally, 
weak attractive interactions between the emul- 
sion droplets may help to retain them on their 
side of the interfaces (33-35). In the near term, 
we envision the AMULIT method to be useful 
in 3D printing for a wide range of applications 
beyond silicone-based devices, given the diver- 
sity and availability of polymer systems and 
the simplicity of formulating AMULIT support 
materials. 
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INTRODUCTION: Adjuvants are immunostimu- 
latory substances that are added to vaccines 
to boost the immune response. Until recent- 
ly, the only adjuvants available for clinical 
use were aluminum salts, either alone (alum) 
or in proprietary mixtures, and oil-in-water 
emulsions containing squalene, which have 
relatively low potency and substantial side 
effects, respectively. Natural surfactants (sap- 
onins) have been used as adjuvants in vet- 
erinary medicine for almost a century. The 
first saponin adjuvant, ASO1, has recently 
been approved for use in the human shingles 
vaccine Shingrix and the malaria vaccine 
Mosquirix. It is also a promising adjuvant can- 
didate for a tuberculosis vaccine. ASO1 is a 
liposome-based formula that contains mono- 
phosphoryl lipid A and a saponin known as 
QS-21, which act synergistically to induce 
strong antibody and helper T cell responses. 


QS-21 is one of >100 structurally related QS 
saponins produced by the Chilean soapbark 
tree (Quillaja saponaria). These include 
QS-7 and QS-17, which, together with QS-21, 
are included in the Novovax NVX-CoV2373 
COVID-19 vaccine. Because of their chemical 
complexity, the only current commercial source 
of QS saponins is the bark of the soapbark 
tree. The increasing demand for these highly 
valuable molecules has led to growing interest 
in the possibility of developing environmen- 
tally sustainable, “free-from-tree” strategies to 
access these compounds in other ways. 


RATIONALE: The biosynthetic pathway for QS 
saponins is not known. Elucidation of the 
genes and enzymes from the soapbark tree 
comprising the “instruction manual” for mak- 
ing QS saponins would provide insights into 
how these molecules are biosynthesized and 
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Genomics-driven elucidation of saponin biosynthesis in the soapbark tree. The soapbark tree 

(Q. saponaria) produces >100 structurally related QS saponins, including the vaccine adjuvants QS-7 and QS- 
21. Transient combinatorial expression of a total of 16 enzymes in tobacco enabled the production 

of an advanced bridgehead for adjuvant bioengineering that can be used to access QS-7, paving the way for 
new routes to access and engineer natural and new-to-nature immunostimulants. 
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diversified. It would also pave the way for new 
routes to access and engineer natural and new- 
to-nature immunostimulants. 


RESULTS: We first sequenced the genome of 
the soapbark tree. Then, using genome min- 
ing and combinatorial transient expression in 
Nicotiana benthamiana, a wild relative of to- 
bacco, we identified a total of 16 enzymes that 
together enable the production of advanced 
QS pathway intermediates that represent a 
bridgehead for adjuvant bioengineering. We 
also discovered a further three enzymes needed 
to make QS-7, a saponin with comparable ad- 
juvant properties to QS-21 and low toxicity that 
is present in low abundance in Q. saponaria 
bark extract. Our work opens up the possibility 
of producing QS-7 and other related QS mol- 
ecules in a heterologous expression system. 


CONCLUSION: We have elucidated the pathway 
for the biosynthesis of advanced QS inter- 
mediates. Using our transient plant expres- 
sion system, we were able to purify all of the 
intermediates at preparative scale, showing 
the power of this platform for rapid access to 
these molecules. We further demonstrate the 
production of the vaccine adjuvant QS-7. A 
number of plant natural products, including 
QS saponins and foxglove cardiac glycosides, 
have a p-fucose moiety, but the biosynthetic 
pathway to this sugar in plants was not pre- 
viously known. In the present work, a route 
to p-fucosylation was discovered in which p- 
fucose is formed in situ from a 4-keto-6-deoxy- 
p-glucose attached to the saponin scaffold 
rather than being synthesized before trans- 
fer. Although the levels of QS-7 produced in 
N. benthamiana were low, they were com- 
parable to those found in many tissues of 
Q. saponaria, with the exception of bark, 
which is about threefold higher. The avail- 
ability of the complete gene sets for the bio- 
synthesis of the heptasaccharide triterpene 
glycoside bridgehead QS saponins and QS-7 
now present an opportunity for future en- 
deavors to optimize production in heterol- 
ogous expression systems with the ultimate 
aim of attaining commercial-scale yields. The 
availability of the complete genome sequence 
of Q. saponaria, coupled with our powerful 
and rapid transient expression platform, open 
up opportunities to access QS-21 and a di- 
verse array of other saponins. This provides 
the potential to ultimately generate designer 
saponins with optimal immunostimulatory 
activity and low toxicity using metabolic en- 
gineering approaches. 


The list of author affiliations is available in the full article. 
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Elucidation of the pathway for biosynthesis 
of saponin adjuvants from the soapbark tree 
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Rajesh C. Misra’, Shingo Kikuchi?, Martin Rejzek', Azahara C. Martin’, Alex Harkess”°, 
Jim Leebens-Mack‘, Thomas Louveau’{], Michael J. Stephenson’, Anne Osbourn’* 


The Chilean soapbark tree (Quillaja saponaria) produces soap-like molecules called QS saponins that are 
important vaccine adjuvants. These highly valuable compounds are sourced by extraction from the bark, 
and their biosynthetic pathway is unknown. Here, we sequenced the Q. saponaria genome. Through 
genome mining and combinatorial expression in tobacco, we identified 16 pathway enzymes that 
together enable the production of advanced QS pathway intermediates that represent a bridgehead for 
adjuvant bioengineering. We further identified the enzymes needed to make QS-7, a saponin with 
excellent therapeutic properties and low toxicity that is present in low abundance in Q. saponaria bark 
extract. Our results enable the production of Q. saponaria vaccine adjuvants in tobacco and open the 
way for new routes to access and engineer natural and new-to-nature immunostimulants. 


accination is a huge success story in the 

fight against infectious diseases. Vaccines 

frequently require an adjuvant compo- 

nent (an immunostimulant) to enhance 

the immune response to the antigen. 
However, to date, only a few adjuvants have 
been licensed for human use. Triterpene gly- 
cosides (saponins) from the Chilean soapbark 
tree (Quillaja saponaria) have proven to be 
highly effective adjuvants because of their 
ability to elicit both antibody and cellular im- 
mune responses (/). These saponins are col- 
lectively known as QS saponins. The QS-21 
fraction, comprising isomeric forms of a com- 
plex triterpene saponin, is an immune poten- 
tiator used in the adjuvant ASO1. ASO1 has 
been licensed for use in two human vaccines: 
the GSK vaccines Shingrix and Mosquirix, 
for shingles and malaria, respectively. A mix- 
ture of QS saponins, including QS-21, QS-17, 
and QS-7, is also included in Matrix-M, a com- 
bination adjuvant used in the NVX-CoV2373 
COVID-19 vaccine produced by Novavax (2). 
QS-17 is a glycosylated derivative of QS-21. QS-7 
has the same core structure as QS-21, but the 
two saponins differ in the nature of their mod- 
ifications at the C-28 position. QS-7 has a sim- 
ple acetyl group instead of the long (C-18) acyl 
chain present in QS-21, and there are also dif- 
ferences in the C-28 sugar moieties (Fig. 1A). 
Because of their chemical complexity, the only 
current commercial source of these saponins 
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is the bark of the soapbark tree itself. However, 
these key immunogenic saponins represent 
only a portion of >100 structurally related mol- 
ecules produced by Q. saponaria (3), so they 
require extensive purification. This issue is fur- 
ther exacerbated by variations in saponin con- 
tent and composition between individual trees 
caused by environmental and genetic factors 
(4-6). Although a number of saponin biosyn- 
thetic enzymes have been characterized in re- 
cent years from taxonomically diverse plant 
species [e.g., (7-10)], much remains to be learned 
about the enzymes that generate the enormous 
structural diversity of saponins. Indeed, QS-21 
has a total of seven different types of glycosidic 
moieties, including unusual sugars such as 
p-fucose, b-apiose, and L-arabinofuranose, for 
which the cognate enzymes are not yet known. 
Understanding the biosynthetic pathways for 
QS saponins will therefore provide new insights 
into how these molecules are made and diver- 
sified. It will further open up opportunities to 
produce saponins optimized for their immu- 
nostimulatory properties and low toxicity in 
heterologous hosts for use in the vaccines of 
the future. 


Results 
Biosynthesis of the quillaic acid scaffold 


Triterpenes are biosynthesized from the lin- 
ear isoprenoid precursor 2,3-oxidosqualene (1), 
which can be cyclized into >100 different di- 
verse scaffold products (11). The most common 
of these scaffolds is B-amyrin (2). The core struc- 
ture of QS-7, QS-21, and QS-17 is quillaic acid 
(QA) (5), which is based on B-amyrin but has 
oxidized groups at the C-16a, C-23, and C-28 
positions (Fig. 1B). We therefore initiated 
our investigations of saponin biosynthesis in 
Q. saponaria by searching for the enzymes re- 
quired for B-amyrin biosynthesis and oxidation. 

QS saponins are normally extracted com- 
mercially from bark. At the time of starting 
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this work, transcriptome data derived from 
Q. saponaria leaves were available through 
the 1000 Plants (1KP) Project (12). We obtained 
saplings of Q. saponaria from a UK nursery 
[John Innes Centre (JIC) accession no. S10; 
hereafter referred to as Q. saponaria S10] and 
verified the presence of QS-21 in the leaves, 
consistent with previous reports (13) (fig. S1). 
A BLAST search against the 1KP data was con- 
ducted using a characterized B-amyrin synthase 
(GgbAS1; GenBank accession no. AB037203) 
from licorice (Glycyrrhiza glabra) as a query (14). 
This revealed a single full-length candidate with 
88% amino acid sequence identity to GgbASI1. 
We used gene-specific primers (data S1) to clone 
the corresponding sequence from cDNA pre- 
pared from the leaves of Q. saponaria S10. We 
then investigated the function of this candidate 
by Agrobacterium-mediated transient expres- 
sion in the leaves of Nicotiana benthamiana. 
Gas chromatography-mass spectrometry (GC- 
MS) analysis of leaf extracts revealed a peak 
with the same retention time and mass spec- 
trum as an authentic B-amyrin standard (2), 
confirming that this enzyme (hereafter referred 
to as QsbAS1) is indeed a B-amyrin synthase 
(fig. $2). 

We next considered candidates for oxida- 
tion of B-amyrin (2). Most known triterpene 
oxidases are members of the cytochrome P450 
monooxygenase (CYP) superfamily (8). Of 
these, the CYP716 family is commonly asso- 
ciated with triterpene biosynthesis and in- 
cludes enzymes known to perform C-28 and 
C-16a oxidation (8, 15). A BLAST search of the 
1KP Q. saponaria transcriptome dataset was 
performed using a known C-28 oxidase from 
Medicago truncatula (CYP716A12; GenBank ac- 
cession no. FN995112) (16), a saponin-producing 
species that, like Q. saponaria, belongs to the 
Fabales order. From this, the two highest scor- 
ing hits were selected for further investigation. 
Transient expression of the first of these, 
CYP716A224, with QsbAS1 in N. benthamiana 
resulted in near total conversion of B-amyrin 
(2) to oleanolic acid (3) (fig. S3). The second 
enzyme, CYP716A297, showed very little activ- 
ity toward B-amyrin. However coexpression 
of both CYP716A224 and CYP716A297 in com- 
bination with QsbASI resulted in the forma- 
tion of a new product that we identified as 
echinocystic acid (4) using an authentic stan- 
dard (fig. S3). These two CYPs are therefore 
able to oxidize two (C-28 and C-16a) of the 
three positions that are oxidized in QA (5) 
(Fig. 1C). In searching for the final oxidase, we 
compiled a list of all CYP sequences in the 
1KP Q. saponaria transcriptome dataset that 
appeared to be full length (nm = 35). After elim- 
inating enzymes that were closely related to 
known CYPs associated with primary metab- 
olism, we were left with 26 candidates, of which 
17 were successfully cloned and transiently 
expressed in N. benthamiana (data $2). Using 
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(1) 
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(2) 


Fig. 1. Reconstitution of the steps to QA. (A) QS-7 and QS-21 share a core 
structure (shown in black) consisting of the triterpene scaffold QA; a branched 
trisaccharide at C-3 featuring p-glucuronic acid (p-GlcA), p-galactose (p-Gal), 
and p-xylose (p-Xyl); and a linear tetrasaccharide at C-28 featuring p-fucose 
(p-fuc), L-rhamnose (L-Rha), o-Xyl, and p-apiose (o-Api). This core structure is 
common to about one third of all reported QS saponins. It should be noted 
that QS-21 variants also exist with L-rhamnose in place of p-Xyl at C-3 (*) 
and p-Xyl in place of p-Api at C-28 (**). QS-17 is a glycosylated derivative of 
QS-21. Both have a p-glucose (p-Glc) attached to the L-Rha of the C-28 sugar 
chain (as shared with QS-7), whereas QS-17 also has an additional L-Rha 
attached to the L-arabinofuranose (L-Araf) of the C-18 acyl chain). (B) LC-MS 


this approach, a single candidate, CYP7I4E52, 
was identified, which, when coexpressed with 
QsbASI, CYP716A224, and CYP716A297, resulted 
in the production of QA (5) in N. benthamiana 
(Fig. 1B). We then performed large-scale tran- 
sient expression by vacuum agro-infiltration of 
209 plants, purified ~30 mg of this product, and 
confirmed its structure as QA (5) by ‘H nuclear 
magnetic resonance (‘H NMR) spectroscopy 
(fig. S4 and Fig. 1C). A phylogenetic tree show- 
ing the relatedness of the three CYPs required 
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Oleanolic acid 


(3) 


(gypsogenin) (fig. S46). 


for QA biosynthesis to other previously charac- 
terized triterpene modifying CYPs from plants 
is shown in fig. S5. 


Generation of a pseudochromosome-level 
genome assembly for Q. saponaria 


Genes for plant-specialized metabolic path- 
ways are commonly coexpressed and may also 
be physically colocalized or “clustered” within 
the genome (/7). Coexpression analysis requires 
the availability of RNA-sequencing (RNA-seq) 
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Echinocystic acid 


Quillaic acid 


(5) 


(4) 


extracted ion chromatograms (EIC) for N. benthamiana leaf extracts after 
coexpression of the B-amyrin synthase QsbAS1 with the CYPs CYP716A224 
(a C-28 oxidase), CYP716A297 (a Cl6a oxidase), and CYP714E52 (a C-23 
oxidase). The combination of all four enzymes resulted in the production of 
the QS scaffold, QA (m/z = 485) (5). Top, extract from control leaves that 

are not expressing the C-23 oxidase. (C) Biosynthetic route to QA: QsbASI, 
B-amyrin synthase; CYP716A224, C-28 oxidase; CYP716A297, Cl6a oxidase; 
and CYP714E52, C-23 oxidase. The structure of QA was confirmed by NMR 

(fig. S4). Note that CYP714E52 was also found to be active on oleanolic acid. 
The resulting product is anticipated to be the C-23 aldehyde of oleanolic acid 


data for multiple different tissues and/or treat- 
ments, whereas discovery of biosynthetic 
gene clusters is dependent on the availabil- 
ity of a genome assembly, neither of which 
was available for Q. saponaria. To facilitate 
discovery of the saponin biosynthetic steps 
downstream of QA, we therefore generated 
de novo transcriptome and genome sequence 
resources for Q. saponaria S10. RNA-seq 
data were generated for six different tissues, 
primordia, expanding leaves, mature leaves, 
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old leaves, green stems, and roots, using II- 
lumina HiSeq4000. QS-21 was present in 
all tissues examined (fig. S1). The estimated 
genome size of Q. saponaria based on flow 
cytometry was 411 Mbp (/8). PacBio long- 
read sequencing and Hi-C (high-throughput/ 
resolution chromosome conformation cap- 
ture) were used to generate a chromosome- 
scale assembly (table S1, fig. S6, and materials 
and methods). The draft genome was anno- 
tated by RNA-seq read alignment, filtering, 
gene model generation, and selection of final 
gene models (table S1, fig. S7, and materials 
and methods). Karyotype analysis revealed 28 
chromosomes, consistent with a haploid chro- 
mosome number of 14 (Fig. 2A). The 14 scaf- 


Fig. 2. Generation of the Q. saponaria 
genome and transcriptome sequences 
resources. (A) Karyotype analysis 

of Q. saponaria S10 meristem tissue 

at mitotic metaphase | revealing 
28 chromosomes. Scale bar, 5 um. 

(B) Circular synteny plot showing the 

14 chromosomes of Q. saponaria S10. 

Syntenic blocks (indicated by the colored 
lines) provide evidence of a whole- 

genome duplication event. (C) Hierarchical 
clustering of the top 50 Q. saponaria 

genes that are coexpressed with QsbAS1, 

as calculated by the PCC value of 

Z scores (generated from DESeq2 
VST-transformed read quantification 

values). The four QA biosynthetic genes Cc 
(labeled) show tight coexpression and are 
expressed most strongly in primordial 

tissue. PCC values for the three QA 


[a>} 


folds therefore represent the 14 chromosomes 
of Q. saponaria S10. Synteny analysis pro- 
vided evidence for a whole-genome duplication 
event in Q. saponaria S10 (Fig. 2B), consistent 
with hypothesized polyploidy events observed 
across members of the Fabales (19). 

Investigation of the expression profiles of 
the characterized QA biosynthesis genes in 
different Q. saponaria tissues revealed that 
these genes are highly coexpressed (Fig. 2C), 
with the highest absolute expression in leaf 
primordia and the lowest in old leaves (Fig. 2C 
and fig. S8), suggesting that it may be possible 
to identify further candidate downstream QS 
pathway genes on the basis of coexpression 
using these genes as bait. 


Z-score 


CYPs with QsbASI are shown to the right. 


(D) A biosynthetic gene cluster (45) 
predicted by plantiSMASH is located on 
chromosome 11, very close to the QA 
biosynthesis gene CYP716A297. Several 
of the genes in this region also show high 
expression in primordial tissue. 
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We next mined the Q. saponaria genome 
assembly using plantiSMASH, an algorithm 
designed to predict biosynthetic gene clusters 
(BGCs) in plant genomes (20). plantiSMASH 
predicted a total of 51 candidate clusters, of 
which 34 were assigned to the “saccharide” 
and/or “terpene” classes (fig. S9 and data S3) and 
so may be relevant to triterpene glycoside (i.e., 
saponin) biosynthesis. The four QA biosynthetic 
genes, QsbAS1, CYP714E52, CYP716A224, and 
CYP716A297, are not physically clustered with 
each other. However, the gene encoding one 
of the CYPs required for QA biosynthesis 
(CYP716A297) is located adjacent to a sac- 
charide biosynthetic gene cluster (cluster 45) 
that includes genes predicted to encode sugar 
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transferases and other enzymes with potential 
functions in specialized metabolism (Fig. 2D). 
Some of these genes have similar expression 
profiles to CYP716A297, potentially suggesting 
a functional association (Fig. 2D). 


Addition of the C-3 sugar chain 


Having discovered the biosynthetic steps to 
QA (5) (Fig. 1C), we next focused on identify- 
ing the enzymes required for the addition of 
sugars at the C-3 and C-28 positions of the QA 
scaffold. The enzymes typically responsible for 
glycosylation of plant natural products belong 
to glycosyltransferase 1 (GTI) family (21, 22). 
GT1 enzymes use uridine diphosphate (UDP)- 
activated sugar donors to transfer sugar units 
onto small molecules, so they are referred to as 
UDP-dependent glycosyltransferases (UGTs). 
We therefore mined the Q. saponaria genome 
annotation to find all predicted full-length 
(>410 amino acids) UGT genes by searching 
with InterPro code IPR002213. This yielded a 
total of 166 predicted UGT genes, which were 
then prioritized on the basis of their strength 
of coexpression with QsbASI [Pearson corre- 
lation coefficient (PCC) cutoff of 0.7] and their 
absolute gene expression levels in primordia 
[transcripts per million (TPM) >1600], result- 
ing in a shortlist of 20 UGT genes (table S2). The 
two most highly coexpressed UGTs, Qs0321930 
and Qs0321920 (PCC 0.987 and 0.985, respec- 
tively), were colocated in the BGC shown in Fig. 
2D, along with a third coexpressed UGT gene, 
Qs0321940 (PCC 0.956). This cluster also con- 
tains a gene for another class of carbohydrate- 
active enzyme, Qs0321900, which is predicted 
to encode a cellulose synthase-like (CSL) pro- 
tein. Qs0321900 is not coexpressed with QsbASI 
(PCC -0.59), although it is expressed at mod- 
erate levels in primordial tissue. Another un- 
linked but closely related predicted CSL gene, 
Qs0000870, is very highly coexpressed with 
QsbASI1 (PCC 0.992), suggestive of a role in 
the QS pathway. We cloned all 20 UGT can- 
didates and both CSL genes to evaluate their 
functions. 

Coexpression of each of the UGT and CSL 
genes with the four QA pathway genes was per- 
formed by transient expression in NV. benthamiana 
and modification of QA (5) monitored by un- 
targeted liquid chromatography-mass spec- 
trometry (LC-MS). No conversion of QA (5) was 
observed when the UGT candidates were coex- 
pressed. However, when either of the two CSL 
genes was coexpressed with the QA pathway 
genes, LC-MS analysis of leaf extracts revealed 
a peak with a mass corresponding to QA plus 
p-glucuronic acid and a concomitant reduction 
in QA (5) levels (Fig. 3A). We then scaled up our 
transient plant expression experiments. After 
vacuum infiltration of 104 N. benthamiana 
plants coexpressing the QA pathway genes 
with CSL1, we were able to purify 9.5 mg of 
product (data S4). We also obtained 2.1 mg of 
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the product of coexpression of the QA pathway 
genes with CSL2 (from 80 N. benthamiana 
plants) (data $4). "H NMR analysis revealed that 
the spectra for the two products were identical 
(fig. S10). Extensive 2D NMR analysis (COSY, 
HSQC, HMBC, and ROESY) confirmed that both 
products were 3-O-{B-p-glucopyranosiduronic 
acid}-QA (6; hereafter abbreviated as QA-Mono) 
(tables S3 and S4). 

Phylogenetic analysis revealed that CSL-1 
and CSL-2 belong to the CSL-M subfamily, so 
they are hereafter referred to as CSLM1 and 
CSLM2 (fig. S11). Although CSL proteins have not 
traditionally been regarded as small-molecule 
glycosyltransferases, two other examples have 
recently been reported from other plant spe- 
cies (9, 23). The strong coexpression of CSLM2 
with QsbASI suggests that CSLM2 may be pri- 
marily responsible for QA-Mono (6) biosyn- 
thesis in Q. saponaria. 

We next screened our suite of cloned UGT 
candidates for the ability to glycosylate QA- 
Mono (6). Coexpression of Qs0123860 (ranked 
third in table S2 based on coexpression with 
QsbASI) with the QA pathway genes and CSLM1 
resulted in a new product with the mass of 
QA-GIcA plus a hexose (Fig. 3B). After scale-up 
by vacuum infiltration of 104 N. benthamiana 
plants, 7.3 mg of this product was purified 
and its structure determined to be 3-O-{B-p- 
galactopyranosyl-(1—2)-B-p-glucopyranosiduronic 
acid}-QA (7; hereafter abbreviated as QA-Di) by 
NMR (COSY, HSQC, HMBC, and ROESY) (table 
S5 and data S4). Thus, Qs0123860 (UGT73CU3) 
encodes a QA-3-O-glucuronoside-f-1,2-galacto- 
syltransferase capable of adding the second sugar 
to the C-3 position of Q. saponaria saponins. 

Another round of coexpression experiments 
led to the identification of two UGTs that were 
able to further glycosylate QA-Di (7). One of 
these, Qs0283870, generated a product with 
amass consistent with addition of a pentose, 
whereas the product of the second, Qs0283850, 
had a mass consistent with addition of a deoxy- 
hexose (Fig. 3B). It is known that saponins from 
Q. saponaria show variation in the terminal 
sugar of the C-3 oligosaccharide chain and that 
either p-xylose or t-rhamnose can occur at this 
position (3, 5, 24). After large-scale vacuum 
infiltration, the two products were purified 
and their structures determined by extensive 
2D NMR as 3-O-{B-p-xylopyranosyl-(1—3)-[B-p- 
galactopyranosyl-(1—2)]-B-p-glucopyranosiduronic 
acid}-QA (8; hereafter abbreviated as QA-TriX) 
(21.6 mg purified) and 3-O-{a-1-rhamnopyranosyl- 
(1-3)[B-p-galactopyranosyl{1—2)}--p-glucopyra- 
nosiduronic acid}-QA (9; hereafter abbreviated 
as QA-TriR) (43.3 mg purified), respectively 
(tables S6 and S7 and data S4). Thus, Qs0283870 
(UGT73CX]) encodes a xylosyltransferase and 
Qs0283850 (UGT73CX2) a rhamnosyltransferase. 
These genes are ranked sixth and 13th, respec- 
tively, in table S2 on the basis of their coexpres- 
sion with QsbAS7. Phylogenetic analysis revealed 
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that all three UGTs, UGT73CU3, UGT73CX1, and 
UGT73CX2, belong to subgroup D of the GT1 
family (fig. S12). This subgroup includes several 
other enzymes that are known to glycosylate 
triterpenes from both monocots and dicots 
(21). In summary, CSLM1/2, together with the 
three UGT enzymes characterized here, collec- 
tively enable the conversion of QA (5) to either 
QA-TriX (8) or QA-TriR (9) (Fig. 3C). 


Addition of the C-28 sugar chain 


QS-7, QS-21, and QS-17 share a common core 
consisting of the QA scaffold, the C-3 sugar 
chain, and a tetrasaccharide moiety at C-28 
consisting of p-fucose, t-rhamnose, p-xylose, 
and p-apiose (Fig. 1A). These molecules differ 
in the nature of the other sugar and acyl groups 
attached to the C-28 sugar chain. A survey 
of the structures of saponins reported from 
Q. saponaria indicated that C-3 glycosylation 
is likely to precede the modifications at the C- 
28 position (fig. S13). Our results thus far 
were consistent with this hypothesis. Having 
successfully reconstituted the pathway for ad- 
dition of the C-3 trisaccharide chain, we next 
turned our attention to elucidating the steps 
needed for glycosylation at C-28. The sugar 
that is linked directly to the QA scaffold at this 
position is p-fucose, which is attached through 
an ester linkage. The UGT gene Qs0321930 
(UGT74BX1) shows the highest level of coex- 
pression with QsbASI (PCC 0.987) (table S2) 
and is located in biosynthetic gene cluster 45 
(Fig. 2D). Furthermore, Qs0321930 is the only 
gene on the UGT candidate list that is pre- 
dicted to encode a member of subgroup L of 
the GT1 family (fig. $12), a subgroup known 
to contain ester-forming UGTs (27). Indeed, 
transient expression of Qs0321930, together 
with the previously identified Q. saponaria 
saponin biosynthesis genes (the four QA genes, 
CSLM2, UGT73CU3, and UGT73CX1, producing 
8), resulted in formation of small amounts of 
a new product with a mass consistent with 
addition of a deoxyhexose, which we anticipated 
to be the C-28 fucoside of 8 (10; hereafter ab- 
breviated as QA-TriX-F) (fig. $14). UDP-a-p- 
fucose has been suggested to be limiting in 
N. benthamiana, which could account for the 
low abundance of the new product (9). Never- 
theless, screening of additional UGT candidates 
against the putative QA-TriX-F (10) resulted 
in the identification of a UGT in subgroup A 
capable of adding a further deoxyhexose, with 
amass consistent with addition of t-rhamnose 
as the second sugar in the C-28 sugar chain, 
to form QA-TriX-FR (12) (fig. S14). The activity 
of this putative rhamnosyltransferase, UGT9IARI, 
was dependent on the presence of p-fucose. The 
gene encoding it, Qs0321920, has the second- 
highest level of coexpression with QsbASI (PCC 
0.985; table S2) and is located in biosynthetic 
gene cluster 45 adjacent to the putative fucosyl- 
transferase gene (UGT74BX1), with which it 
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Fig. 3. Addition of the C-3 sugar chain. (A) LC-MS EIC of N. benthamiana 

leaf extracts showing that coexpression of either of the predicted CSL genes, 
CSLM1 or CSLM2, with the four QA genes results in the conversion of QA to a new 
more polar product (retention time 14 min). The mass spectra (right) indicate 
that the product is the same for CSLM1 and CSLM2 and are consistent with 
addition of glucuronic acid to QA to form QA-Mono (6). IS, internal standard 
(digitoxin). (B) LC-MS EIC of N. benthamiana leaf extracts after coexpression 
with UGT candidates that add additional sugars at the C-3 position. A control sample 
from leaves expressing the QA pathway plus glucuronosyltransferase (CSLM1) is 
shown at the top. The second panel shows that further coexpression of Qs0123860 
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QA-TrR 
(9) 


Qs0283850 


(UGT73CX2) on 
(L-Rha) a ney ae 
Ol 


resulted in conversion of QA-Mono (6) to a new product consistent with addition 
of a galactose to form QA-Di (7). Coexpression of either Qs0283870 (third 
panel) or Qs0283850 (bottom panel) with the QA-Di gene set resulted in conversion 
of QA-Di (7) to new products. The Qs0283870 product was consistent with the 
addition of a xylose to form QA-TriX (8), whereas the Qs0283850 product was 
consistent with the addition of a rhamnose to form QA-TriR (9). The mass spectra of 
these products and structures are shown to the right of the chromatograms. 
(C) Summary of the pathway from QA (5) to QA-TriX (8) and QA-TriR (9). The 
structures of compounds 6 to 9 were all confirmed by NMR after large-scale 
infiltration and purification (tables S3 to S7 and data S4). 
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Fig. 4. Addition of the C-28 sugar chain. (A) LC-MS EIC of N. benthamiana 
leaf extracts after transient expression of the gene set for production of 
QA-TriX-F (10). Only low amounts of 10 accumulate in N. benthamiana (top). 
However, coexpression of the short-chain dehydrogenase encoded by Qs0321910 
results in marked increases in the yield of this product (bottom), as well as 
increases in further downstream products (fig. S15). (B) Identification of 

the terminal xylosyl- and apiosyltransferases required for synthesis of the linear 
tetrasaccharide at C-28. The gene set for production of QA-TriX-FRX (14) was 
transiently coexpressed in N. benthamiana (top). Further coexpression of either 


shares only ~30% amino acid sequence iden- 
tity. A further round of screening identified 
another subgroup A UGT encoded by Qs0234120 
(UGT9IAQ)) that appeared to modify QA-TriR-FR. 
by addition of a pentose, suggesting that this 
may be the C-28 xylosyltransferase producing 
QA-TriX-FRX (14) (fig. S14). 

In contrast to the QA C-3 glycosides, only 
trace amounts of the three putative C-28 gly- 
cosides were observed, with large quantities of 
unconverted precursor QA-TriX (8) remaining 
(fig. S14). It was apparent that the poor con- 
version from the QA-TriX (8) product to QA- 
TriX-F (10) was likely to represent a substantial 
bottleneck, impeding further pathway elucida- 
tion and structural verification of the products. 
Biosynthetic gene cluster 45 also harbors two 
predicted short chain dehydrogenase/reductase 
(SDR) genes. One of these, Qs0321910, is lo- 
cated immediately adjacent to the UGT91IARI 
gene and has a similar expression pattern to 
the QS enzymes characterized so far (coex- 
pression with QsbASI, PCC 0.871) (Fig. 2D). Most 
of the known sugar nucleotide-interconverting 
enzymes are members of the SDR superfamily 
(25, 26). Transient coexpression of this SDR 
enzyme with the gene set for QA-TriX-F (10) 
biosynthesis resulted in substantial increases 
in the levels of the QA-TriX-F (10) product, sug- 
gesting that the SDR has a role in p-fucosylation, 
potentially by converting an endogenous UDP- 
sugar substrate in N. benthamiana to UDP- 
p-fucose, thereby furnishing enhanced FucT 
activity (Fig. 4A). Further, coexpression of the 
additional C-28 sugar transferases, including 
UGT9IARI1 and UGT9IAQI, demonstrated that 
the amounts of the relevant products [QA-Trix- 
FR (12) and QA-TriX-FRX (14), respectively] 
were likewise substantially increased in the 
presence of the Qs0321910 SDR (fig. S15). 

We next exploited the new SDR to perform 
large-scale transient expression experiments in 
N. benthamiana to purify the new UGT products. 
During the previous purifications of the C-3 
QA trisaccharide products, we obtained ap- 
proximately twofold higher yields of the the 
C-3 rhamnose [QA-TriR (9)] compared with 
the C-3 xylose version [QA-TriX (8)] (data S4). 
We therefore opted to generate and purify the 
putative C-28 glycosides on the basis of the 
QA-TriR (9) scaffold. After infiltration of 100 
to 200 N. benthamiana plants, the products 
were purified and their identities confirmed by 
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extensive 1D and 2D NMR analysis as follows: 
UGT74BX1 product (3-O-{a-1-rhamnopyranosyl- 
(1—3)-[B-p-galactopyranosyl-(1—2)]--p-gluco- 
pyranosiduronic acid}-28-O-{B-p-fucopyranosyl 
ester}-QA) (11) (hereafter abbreviated as 
QA-TriB-F) (1 mg purified); UGT91AR1 product 
(3-O-{o4-rhamnopyranosyl-(1—3)-[B-p-galacto- 
pyranosyl-(—2)]-B-p-glucopyranosiduronic acid}- 
28-O-{o.1-rthamnopyranosyl-(1—2)}-B-p-fucopyranosyl 
xester}-QA) (13) (hereafter abbreviated as QA- 
TriR-FR) (43.9 mg purified); and the UGT91AQ1 
product (3-O-{o-1-rhamnopyranosyl-(—3)-[B-p- 
galactopyranosyl-(1—2)]-B-p-glucopyranosiduronic 
acid}-28-O-{B-p-xylopyranosyl-(1—4)-a-1-rhamno- 
pyranosyl-(1—2)-B-p-fucopyranosyl ester}-QA) 
(15) (hereafter abbreviated as QA-TriR-FRX) 
(3.1 mg purified) (tables S8 to S10 and data S4). 
The terminal sugar in the linear tetrasac- 
charide at C-28 in saponins such as QS-21 can 
be either p-xylose or p-apiose (Fig. 1A). Having 
identified the enzymes that add the first three 
sugars in the C-28 sugar chain, we performed 
a final round of screening to identify the sugar 
transferases that add these sugars. This led 
to the identification of two further functional 
UGTs that each generated a product consistent 
with QA-TriX-FRX plus a pentose, but with 
slightly different retention times (Fig. 4B). The 
genes encoding these enzymes, Qs0234130 
and Qs0234140 (ranked 14th and 18th, respec- 
tively, in table S2), were both located in the 
chromosome 7 biosynthetic gene cluster 31 
with the previously characterized C-28 xylo- 
syltransferase UGT9IAQI (data S3). This region 
is syntenic to the chromosome 11 biosynthetic 
gene cluster 45, suggesting that the two clusters 
may share a common evolutionary origin and 
may have arisen as a consequence of genome 
duplication (fig. S16). We also found that a pre- 
dicted UDP-p-apiose/UDP-p-xylose synthase 
gene, Qs0088320, was highly expressed in 
Q. saponaria leaf primordia. This gene was 
not physically clustered with the previously 
characterized saponin biosynthesis genes 
but showed strong coexpression with them 
(coexpression with QsbASI, PCC 0.943). Tran- 
sient expression of this putative UDP-apiose/ 
UDP-xylose synthase (QsAXS) with either 
Qs0234130 or Qs0234140 resulted in a marked 
increase (~11-fold) in the amount of the 
Qs0234140 product generated (fig. S17). 
We next performed large-scale transient ex- 
pression in N. benthamiana and purified each 
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Qs0234130 (middle) or Qs0234140 (bottom) resulted in the appearance of 
new products with identical masses (consistent with addition of pentoses) and 
slight differences in retention times. Large-scale infiltration, purification, and 
NMR analysis of the products using the QA-TriR-FRX (15) scaffold determined 
that Qs0234130 is the terminal xylosyltransferase, whereas Qs0234140 is the 
terminal apiosyltransferase (tables S9 and S10). (C) Summary of the biosynthetic 
pathway for the C-28 tetrasaccharide chain. The structures of compounds 11, 13, 
15, 17, and 19 were all confirmed by NMR after large-scale infiltration and 
purification (tables S8 to S12). 


of the two new UGT products using the QA-TriR- 
FRX scaffold (15). Their structures were deter- 
mined by extensive 1D and 2D NMR as (3-O-{a-1- 
rhamnopyranosyl-(1—3)-[B-p-galactopyranosyl- 
(1—2)}-B-p-glucopyranosiduronic acid}-28-O-{B-p- 
xylopyranosyl-(1—3)-B-p-xylopyranosyl-(1—4)-a-1- 
rhamnopyranosyl-(1—2)-B-p-fucopyranosyl ester}- 
QA) (17) (Qs0234140; 13.2 mg purified) (hereafter 
abbreviated as QA-TriR-FRXX) and (3-O-{a-1- 
rhamnopyranosyl-(1—3)-[B-p-galactopyranosyl- 
(I—2)}-B-p-glucopyranosiduronic acid}-28-O-{B-p- 
apiofuranosyl-1—3)--p-xylopyranosyl-—-4)-a-1- 
rhamnopyranosyl-(1—2)-B-p-fucopyranosyl ester}- 
QA) (19) (Qs0234130; 13.2 mg purified) (here- 
after abbreviated as QA-TriR-FRXA) (tables 
S11 and S12 and data S4). Thus, Qs0234130 
(UGT73CY3) encodes the terminal xylosyltrans- 
ferase, and Qs0234140 (UGT73CY2) encodes the 
terminal C-28 apiosyltransferase (Fig. 4C). The 
importance of QsAXS in boosting the Qs0234140 
product suggests that UDP-a-p-apiose may be 
lacking in N. benthamiana. The fully charac- 
terized pathway up to this point is shown in 
Fig. 5. About one third of characterized QS 
saponins are derived from these scaffolds (24), 
making this an important branch point for 
saponin diversification. 


Mechanism for p-fucosylation 


Given the importance of the SDR encoded by 
Qs0321910 for enhancing p-fucosylation and 
subsequent addition of the sugar chain at C-28, 
we sought to further understand the function of 
this enzyme. We hypothesized that this enzyme 
would be responsible for the production of UDP- 
p-fucose. Despite the fact that plant sugar bio- 
synthetic pathways are generally well charac- 
terized, the biosynthetic route to p-fucose in 
plants is unknown. In bacteria, dTDP-p-glucose 
is converted to dTDP-4-keto-6-deoxy-p-glucose 
by adTDP-p-glucose 4,6-dehydratase. The 4-keto 
group of this intermediate is then reduced by 
dTDP-4-keto-6-deoxy-p-glucose reductase to 
form dTDP-p-fucose (Fig. 6A) (27). The first of 
these steps is shared with dTDP-1-rhamnose 
biosynthesis, and indeed it is known that plants 
synthesize the analogous UDP-1-rhamnose from 
UDP-p-glucose through UDP-4-keto-6-deoxy- 
p-glucose (28). Because UDP-4-keto-6-deoxy-p- 
glucose would be expected to be present in plant 
cells as part of UDP-1-rhamnose biosynthesis, 
we hypothesized that the Qs0321910 SDR may 
function as a 4-ketoreductase. Furthermore, 
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Fig. 5. Complete pathway to compounds 16 to 19. A summary giving full compound names, abbreviations, isolated yields, retention times, and m/z data, as well as 
the set of genes transiently expressed in N. benthamiana for each compound is provided as data S4. 


Reed et al., Science 379, 1252-1264 (2023) 24 March 2023 8 of 12 


RESEARCH | RESEARCH ARTICLE 


phylogenetic analysis of this SDR revealed 
that it is a member of the SDR114C family (fig. 
S18), as previously defined by Moummot e¢ ai. 
(29). Several members of this family have been 
shown to reduce carbonyl groups to alcohols in 
alkaloid and terpenoid biosynthesis (29-32), 
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HOo-agtpp 


dTDP-D-glucose 


dTDP-4-keto-6-deoxy-D-glucose 


consistent with our proposal that the Qs0321910 
SDR may perform C-4 reduction of UDP-4-keto- 
6-deoxy-p-glucose to form UDP-p-fucose. 

To test this hypothesis, we purified the 
Qs0321910 SDR for functional analysis in vitro 
(fig. S19). The anticipated UDP-4-keto-6-deoxy- 


p-glucose substrate is not commercially availa- 
ble. Therefore, to generate this compound from 
UDP-p-glucose, we cloned and purified a charac- 
terized UDP-p-glucose 4,6-dehydratase from the 
Acanthocystis turfacea chlorella virus 1 (ATCV-1 
UGD, GenBank accession no. YP_0014:27025.1) 
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Fig. 6. Characterization of the SDR encoded by Qs0321910. (A) Biosynthesis 
of p-fucose in bacteria. dTDP-p-glucose is converted in a two-step process to 
dTDP-p-fucose through dTDP-4-keto-6-deoxy-o-glucose. (B) In vitro production of 
QA-TriR-F (11) from QA-TriR and UDP-p-glucose. Top, QA-TriR (9) incubated 
with UDP-p-glucose and UGT74BX1 only. The addition of ATCV-1 UGD (which 
converts UDP-p-glucose to UDP-4-keto-6-deoxy-glucose) resulted in new products 
anticipated to be QA-TriR-4K6DG (**) and its hydrate (*) (second from top). 
No conversion of QA-TriR was observed with the addition of the SDR alone 
(third from top). However, the combination of ATCV-1 UGD and SDR resulted in total 
conversion of QA-TriR (9) to QA-TriR-F (11). Mass spectra for the QA-TriR-4K6DG 
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(**) and its hydrate (*) are shown in fig. S47. (©) The SDR reduces the QA-TriR- 
4K6DG product to form QA-TriR-F (11). QA-TriR was incubated with UDP-p-glucose 
in the presence of ATCV-1 UGD and UGT74BxX1, resulting in the formation of 
QA-TriR-4K6DG (**) and its hydrate (*). This enzyme mixture was inactivated 
by boiling before addition of the SDR. LC-MS analysis of the reaction at 

0 min (top), 60 min (middle), and 180 min (bottom) revealed the formation 

of QA-TriR-F with consumption of QA-TriR-4K6DG (**) and its hydrate (*), 
demonstrating that the SDR reduces the 4-keto-6-deoxy-glucose attached to 
QA-TriR to form the p-fucose in QA-TriR-F (11). (D) Proposed biosynthetic 
pathway to QA-TriR-F (11) from QA-TriR (9) and UDP-o-glucose. 
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(33) (fig. S19). We also purified the Q. saponaria 
UGT74BX1 (fig. S19). In a single reaction, we 
combined UDP-p-glucose with the purified 
QA-TriR (9) product and the Qs0321910 SDR, 
ATCV-1 UGD, and UGT74BX1 enzymes. Sub- 
sequent LC-MS analysis confirmed the con- 
version of QA-TriR (9) to QA-TriR-F (11). We 
also demonstrated that the production of 11 
was dependent on the presence of both ATCV-1 
UGD and the Qs0321910 SDR, consistent with 
the anticipated pathway (Fig. 6B). Although 
coincubation of UGT74BX1 and SDR alone did 
not result in any new products, the combina- 
tion of UGT74BX1 and ATCV-1 UGD resulted 
in partial conversion of 9 to a product with a 
mass consistent with the addition of 4-keto-6- 
deoxy-p-glucose (hereafter abbreviated as QA- 
TriR-4K6DG), suggesting that the UGT74BX1 
can use UDP-4-keto-6-deoxy-p-glucose as a sub- 
strate (Fig. 6B). Furthermore, LC-MS analy- 
sis of leaf extracts from plants transiently 
expressing the QA-TriX-F (10) gene set (with 
the SDR excluded) also revealed a peak with a 
mass consistent with QA-TriX-4K6DG. This 
peak was larger than the QA-TriX-F (10) peak 
(fig. S20). A medicagenic acid-3-O-glucuronide 
(MA-GIcA) C-28 p-fucosyltransferase (SOAP6 - 
UGT74BB2) was recently described from spin- 
ach (9). Transient expression of this enzyme 
in N. benthamiana, along with the relevant 
MA-GIcA enzymes, has been reported to yield 
anew product with the mass of MA-GlcA plus 
a deoxyhexose (9), suggesting that a similar 
phenomenon may be occurring. 

We next attempted to ascertain a direct link 
between the Qs0321910 SDR and UDP-p-fucose 
production in vitro. To this end, UDP-p-glucose 
was first incubated with ATCV-1 UGD, and the 
reaction was monitored by NMR. Initially, as 
anticipated, we observed the formation of UDP- 
4-keto-6-deoxy-p-glucose. However, the addi- 
tion of the SDR did not result in the production 
of UDP-p-fucose (fig. S21) despite clear evi- 
dence that the purified Qs0321910 SDR was 
functional in our initial in vitro experiment. 
Furthermore, we were unable to detect UDP- 
p-fucose after transient expression of the SDR 
in N. benthamiana (fig. S22). The identification 
of these sugar nucleotides was confirmed with 
NMBR-verified standards. 

The failure of the Qs0321910 SDR to convert 
UDP-4-keto-6-deoxy-p-glucose to UDP-p-fucose 
in vitro, coupled with the observation that 
UGT74BX1 appears to use UDP-4-keto-6-deoxy- 
p-glucose as a substrate, suggested that our 
initial model was incorrect. We therefore con- 
sidered a new model in which UDP-4-keto-6- 
deoxy-p-glucose may serve as a sugar donor for 
UGT74BX1, forming the QA-TriR-4K6DG prod- 
uct. The 4-keto-6-deoxy-p-glucose (attached to 
the QA-TriR) would then be reduced at the C-4 
position to give the observed QA-TriR-F (11) 
product. To test this, we performed a modified 
version of our initial in vitro assay by combin- 
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ing QA-TriR with UDP-p-glucose, ATCV-1 UGD, 
and UGT74BX1. As before, we observed conver- 
sion of QA-TriR to a new product consistent 
with the addition of 4-keto-6-deoxy-p-glucose, 
forming QA-TriR-4K6DG. We next heat inac- 
tivated the ATCV-1 UGD/UGT74BX1 enzyme 
mixture before adding the Qs0321910 SDR. 
Subsequent LC-MS analysis revealed the con- 
version of the putative QA-TriR-4K6DG to a 
new product identified as QA-TriR-F (Fig. 6C). 
Our results indicate that the SDR encoded by 
Qs0321910 SDR does not operate at the sugar 
nucleotide level, but rather reduces 4-keto-6- 
deoxy-p-glucose to p-fucose after transfer to 
the QA-TriR backbone (Fig. 6D). We therefore 
named this SDR QsFucSyn. 


Three further steps for production of QS-7 


The enzymes discovered up until this point al- 
lowed us to make the advanced saponin path- 
way heptasaccharide intermediates 16, 17, 
18, and 19 (Fig. 5). We next searched for the 
steps needed to make QS-7 (Fig. 1A). Three ad- 
ditional modifications to the C-28 sugar chain 
are needed to convert 18 into QS-7, specifically 
the addition of two sugars, t-rhamnose and p- 
glucose, and an acetyl group (Fig. 7). During our 
screen for the terminal C-28 glycosyltransfer- 
ases, we detected putative glucosyltransferase 
activity for Qs0321940 (UGT9IAPI), and coex- 
pression with the enzyme set for 18 resulted 
in a product anticipated to be the glucoside of 
18 (fig. S23). The gene encoding this enzyme is 
located within the chromosome 11 biosynthetic 
gene cluster 45 (Fig. 2D) and is coexpressed 
with the known QS genes (ranked seventh in 
table S2; coexpression with QsbASI PCC 0.956). 
Qs0321940 may therefore encode a glucosyl- 
transferase implicated in QS-7 biosynthesis (fig. 
$23). Two more steps would then be required 
to achieve biosynthesis of QS-7, namely the ad- 
dition of an L-rhamnose and an acetyl group 
at the C-3 and C-4 positions of p-fucose, respec- 
tively. On the basis of the structures of known 
saponins from Q. saponaria, acetylation appears 
to precede rhamnosylation (fig. S24) (24). We 
shortlisted 10 candidate Q. saponaria BAHD 
acyltransferase genes on the basis of their lev- 
els of coexpression with QsbASI (PCC = 0.9, 
TPM =1600) (table S13), successfully cloned 
and screened seven for activity toward the 
full heptasaccharide scaffold 18, and identi- 
fied a single enzyme (encoded by Qs0206480, 
PCC 0.900) that generated a product with a 
mass consistent with addition of an acetyl 
group (fig. S25). Qs0206480 (QsACTI) is lo- 
cated on chromosome 13 and is not clustered 
with any of the previously characterized genes. 
We next screened the remaining unassigned 
UGT candidates for their ability to modify this 
putative acetylated substrate and identified two 
enzymes that gave products that likely corre- 
sponded to the addition of either t-rhamnose 
or p-glucose encoded by Qs0023500 (UGT73B44, 
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ranked 17th in table S2) or Qs0213660 (UGT73B48, 
ranked 20th in table S2), respectively (fig. S26). 
These two UGTs belong to subgroup D of the 
UGTI family and share 72% amino acid se- 
quence identity. The genes encoding them are 
not located in predicted biosynthetic gene clus- 
ters. Coexpression of these two enzymes, to- 
gether with the gene set for 18, did not result 
in a product featuring both sugars, suggesting 
that the UGTs compete for the same position 
(fig. S26). Indeed, saponins featuring either 
L-rhamnose or p-glucose at the C-3 position of 
fucose have been isolated from Q. saponaria 
(24, 34, 35), with QS-7 featuring L-rhamnose. This 
therefore strongly suggested that Qs0023500 
rhamnosyltransferase is the last outstanding step 
for QS-7 biosynthesis. We therefore coexpressed 
the gene set for 18 with the newly discovered 
candidate glucosyltransferase (Qs0321940), 
acetyltransferase (Qs0206480), and rhamnosyl- 
transferase (Qs0023500) genes. Subsequent 
LC-MS analysis revealed a small peak with the 
same retention time and mass as a QS-7 stan- 
dard (Fig. 7). Quantification of the QS-7 levels 
in N. benthamiana (7.9 ug/g dry leaf weight) 
revealed them to be comparable to those found 
in many tissues of Q. saponaria, with the excep- 
tion of bark, which was about threefold higher 
(fig. S27). After large-scale infiltration of 410 
N. benthamiana plants and fractionation by 
reversed-phase high-performance liquid chro- 
matography (HPLC) (see the materials and 
methods) ~11 mg of semipure (3 to 5%) QS-7 
was obtained. Subsequent 1D and 2D NMR 
analysis enabled us to assign the structure of 
this compound as QS-7 (20) on the basis of 
comparison with published data (34) (figs. S28 
to $43). Furthermore, our recorded ‘H NMR 
spectrum showed complete superimposition 
with the chemical shifts of a pure QS-7 stan- 
dard under identical conditions (figs. $44 and 
S45). Together, these results demonstrate the 
successful elucidation of the QS-7 pathway and 
its reconstitution in a heterologous host. 


Conclusion 


We report the characterization of a total of 
14 Q. saponaria enzymes that enable the bio- 
synthesis of the advanced heptasaccharide 
triterpene glycoside intermediates 16, 17, 18, 
and 19. We further identify two other enzymes 
required for efficient glycosylation with the rare 
sugars p-fucose and p-apiose. A biosynthetic 
pathway for p-fucose had not previously been 
characterized despite the widespread occurrence 
of this sugar in the plant kingdom (27). We ini- 
tially expected the glycosyltransferase UGT74BX1 
to add p-fucose to QA-TriR (9) (Fig. 5), but we 
and others found no evidence of this sugar 
nucleotide in representative dicot plants (36). 
Here, we provide evidence for a different 
route to p-fucosylation in which UDP-4-keto- 
6-deoxy-p-glucose serves as the sugar donor for 
UGT74BX1, with the 4-keto-6-deoxy-p-glucose 
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Fig. 7. Production of QS-7. Gene set for production of the core heptasaccharide 
QA-TriX-FRXA (18) was transiently coexpressed in N. benthamiana, along with 

the Qs0206480, Qs032140, and Qs0206480 genes. LC-MS of N. benthamiana leaf 
extracts revealed a peak with the exact mass and retention time of an authentic 


QS-7 (20) standard. This peak was absent if any one of the Qs0206480, Qs032140, 
or Qs0206480 genes was omitted. Large-scale infiltration and purification 
allowed the isolation of a small quantity of semipure QS-7 from N. benthamiana 
and structural confirmation by NMR (tables S14 and S15). 


moiety attached at the C-28 position of the 
saponin scaffold then being subsequently 
reduced in situ to yield p-fucose. This discov- 
ery raises broader questions about the orig- 
in of p-fucose moieties found in other plant 
natural products [e.g., foxglove cardiac glyco- 
sides (37)]. 

Using our transient plant expression plat- 
form, we have been able to purify all of the QS 
pathway intermediates from QA to QA-TriR- 
FRXA in milligram quantities (in some cases 
tens of milligrams), demonstrating the power 
of transient plant expression for rapid access 
to these molecules. We further demonstrate 
the production of the vaccine adjuvant QS-7 
(20). QS-7, unlike QS-21, has negligible tox- 
icity toward animal cells (7). However, de- 
spite its promise as an adjuvant, supply of 
this saponin is limited by its low abundance in 
Q. saponaria bark extracts. Although the lev- 
els of QS-7 in N. benthamiana were also low, 
our work opens up for the first time the pos- 
sibility of producing QS-7 and other related QS 
molecules in a heterologous expression sys- 
tem. Clearly, optimization of the biosynthetic 
process with the aim of attaining commercial- 
scale production levels is beyond the scope of 
the current work, but our results now make this 
avery attractive ambition. The availability of the 
complete genome sequence and comprehen- 
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sive transcriptome resources for Q. saponaria 
opens up opportunities to use this “instruction 
manual” to access QS-21 and a diverse array 
of other QS saponins. Collectively, these ad- 
vances will enable investigation of the poorly 
understood relationship between QS sapo- 
nin structure and adjuvant activity, and ulti- 
mately the generation of designer saponins 
with optimal immunostimulatory activity and 
low toxicity through metabolic engineering 
approaches. 


Methods summary 


Detailed materials and methods can be found 
in the supplementary materials. 


Q. saponaria plant material and 
saponin quantification 


AQ. saponaria sapling (~1 m tall) was obtained 
from Burncoose Nurseries (Cornwall, UK) and 
maintained in a glasshouse (24°C, 16 hours 
light). We gave this plant JIC accession no. S10. 
Extracts (80% methanol) of freeze-dried tissues 
(young, mature, and old leaves, primordium, 
green stem, bark, and root, with four biological 
replicates) were analyzed using a Thermo Sci- 
entific QExactive Hybrid Quadrupole-Orbitrap 
Mass spectrometer HPLC, and saponin con- 
tent determined relative to standard curves 
generated using purified QS-7 and QS-21 sam- 
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ples obtained from Desert King (San Diego, 
CA, USA). 


Generation of sequence resources 
for Q. saponaria 


Genes for the biosynthesis of QA were identi- 
fied by mining the assembled 1KP transcriptome 
derived from Q. saponaria leaves (downloaded 
from https://www.onekp.com/public_data.html) 
for candidate oxidosqualene cyclase (OSC) and 
CYP sequences using BLASTP. For discovery of 
the remaining QS pathway genes, we generated 
de novo transcriptome data for six different 
Q. saponaria tissues using Illumina HiSeq4000 
PE150 and a draft genome assembly using 
PacBio Sequel sequencing. A Hi-C library was 
prepared using the Phase Genomics Plant 
Hi-C 2.0 Kit (Seattle, WA) and sequenced with 
Illumina PE75. The draft contig assembly was 
scaffolded into 14 pseudomolecules using Phase 
Genomics Proximo software. After RNA-seq- 
guided genome annotation, the completeness 
of the gene space was assessed by BUSCO anal- 
ysis (38). 


Cloning and transient expression 


Oligonucleotide primers were designed on the 
basis of predicted gene sequences and flanked 
with attB sites for Gateway cloning (data S1). 
RNA extracted from primordia and young leaves 
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was used for cDNA synthesis. RNA isolation was 
performed using a Qiagen RNeasy Plant Mini 
kit with the modified protocol according to 
(39). Candidate sequences were amplified, cloned 
into pDONR207 using BP clonase (Thermo- 
Fisher), and sequenced (Eurofins) before being 
introduced into the binary expression vector 
pEAQ-HT-DESTI (40) for transient expression 
in N. benthamiana. For ease of performing in- 
filtrations, in some cases, multiple genes were 
incorporated into a single binary vector using 
Golden Gate cloning (41, 42). For screening of 
candidate genes, agro-infiltrations were per- 
formed at a small scale using a needleless sy- 
ringe (43, 44). For purification of compounds, 
large-scale vacuum infiltrations were performed 
as described previously (44). Leaf material was 
harvested 5 days after infiltration and frozen at 
-80°C before lyophilization for 24 to 72 hours. 
All experiments included coexpression of the 
truncated feedback-insensitive mevalonate 
pathway enzyme 3-hydroxy-3-methylglutaryl- 
CoA reductase (tHMGR) to boost triterpene 
yield (44). 


Metabolite analysis 


Standards were obtained from the following 
sources: oleanolic acid was from Merck; echino- 
cystic acid and QA were from Extrasynthese; 
and QS-7 and QS-21 were from Desert King. The 
internal standards coprostanol (GC-MS) and 
digitoxin (LC-MS) were obtained from Merck. 
Leaf extracts were analyzed by GC-MS or LC-MS 
depending on the polarity of the compounds 
under investigation. Full details of the meth- 
ods used for metabolite analysis, scale-up and 
purification of compounds for structural deter- 
mination by NMR, investigation of QsFucSyn 
activity, and sugar nucleotide analysis are pro- 
vided in the full materials and methods in the 
supplementary materials. 
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WORKING LIFE 


By Jessica Larsen 


1266 


Embrace compassion 


o we have permission to give your father a blood transfusion? A tracheotomy?” I was a 19-year- 

old college student. My father had fallen into a coma a few weeks earlier and I was his next of 

kin, responsible for his medical decisions. Suddenly I was spending my weekends driving to the 

hospital 3 hours away in friends’ borrowed cars after spending the week juggling coursework, 

a part-time job, and phone calls from the hospital, sometimes during class or in the middle of 

the night. I told my professors the general outline of what was going on so I could leave class 
when my father’s doctors called, but for the most part I kept my struggles private. I wanted to be seen 
as strong and capable, and I worried my professors would think I was making excuses. 


The call about the blood transfusion 
and tracheotomy came the night 
before an exam. The blood trans- 
fusion was an easy decision; it is a 
relatively safe procedure. The tra- 
cheotomy was another story. I had 
to decide how my father would feel 
if he came out of his coma and had 
a hole in his throat for the rest of 
his life. Ultimately, I declined. 

After a few hours of restless 
sleep, I was hardly in a state to 
take the exam. I told my professor 
what had happened the previous 
night and requested an alterna- 
tive exam date, which was denied. 
My score on that exam reflected 
the turmoil I was going through, 
not my knowledge of the material. 
This experience made me even 
more reluctant to be vulnerable 
and honest about my struggles. 
When I soon had to make the dev- 
astating decision to take my father off life support, I only 
told a few trusted mentors. 

Despite that trauma, I was able to make it through 
my studies and, 8 years later, I became a professor my- 
self. As a new faculty member, I felt I needed to adopt a 
tough classroom persona to earn my colleagues’ respect 
and keep students from taking advantage of me. My de- 
meanor wasn’t unlike that of the professor who denied me 
the exam extension years earlier, and it did not reflect my 
actual character. 

Then, the pandemic hit. I was too tired to keep up the 
act, and my students needed compassion and support. So, 
I shared the story about my father’s illness and death to 
acknowledge that life goes on outside of my classroom and 
grades are not the most important thing in the world. I told 
my students I knew they might be suffering and wanted them 


“| have learned to value my 
students’ growth and learning 
over others’ perceptions.” 


to know that if they came to me 
needing help, I would understand. 

The response was immediate 
and powerful. Students became 
unafraid to share their stories with 
me and ask for support. My con- 
nections with them deepened and I 
could mentor them on a new level. 
I changed nothing about the way I 
delivered course material, but stu- 
dent exam scores improved, as did 
my teaching evaluations. Students 
could see that although the class 
was rigorous and I pushed them to 
learn the material, I cared about 
their well-being and wanted them 
to succeed. 

Some of my colleagues perceive 
me as being “too close” to the stu- 
dents and think my class is not 
rigorous enough. In the past, I 
worried such impressions would 
affect my chance for promotion 
and advancement. But I have learned to value my stu- 
dents’ growth and learning over others’ perceptions. 

A fellow professor recently asked me, “If this works so 
well, why didn’t you do it sooner?” All I can say is that vul- 
nerability is really hard. It involves sharing of yourself as 
fully as you are able, including admitting wrongdoing and 
acknowledging that you can’t always be your best self. Far 
from being a sign of weakness, it requires a ton of strength. 

Exposing your imperfections, connecting with students 
on a deeper level, and creating space for them—and you— 
to grow will always be challenging, but it is worth it. I can- 
not know everything that is going on in every student’s life, 
but I can always choose compassion. 


Jessica Larsen is a professor at Clemson University. Send your career 
story to SciCareerEditor@aaas.org. 
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Your Legacy to Science 


AN ESTATE GIFT TO THE 
AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF SCIENCE 


Since 1848, our founding year, the American Association for the 
Advancement of Science (AAAS) has been deeply committed to 
advancing science, engineering and innovation around the world 


for the benefit of all people. 


By making AAAS a beneficiary of your will, trust, retirement plan or 
life insurance policy, you become a member of our 1848 Society, 
joining Thomas Edison, Alexander Graham Bell and the many 
distinguished individuals whose vision led to the creation of AAAS 


and our world-renowned journal, Science, so many years ago. 


Unlike many of its peers, Science is not for-profit. Your estate gift 
would provide long-term financial stability and durable annual 
income that will support operations and competitive innovation 


for years to come. This support is vital. 


Yes, | would like more information about joining the AAAS 1848 Society. 


PLEASE CONTACT ME AT: 
Name: 

Address: 

City: State: 
Email: 


RETURN THIS FORM TO: 


“As a teacher and instructor, | bear responsibility for the 
younger generations. If you have extra resources, concentrate 


them on organizations, like AAAS, that are doing work for all.” 


—Prof. Elisabeth Ervin-Blankenheim, 1848 Society member 


If you intend to include AAAS in your estate plans, provide this 


information to your lawyer or financial adviser: 


Legal Name: American Association for the Advancement of Science 
Federal Tax ID Number: 53-0196568 
Address: 1200 New York Avenue, NW, Washington, DC 20005 


If you would like more information on making an estate gift to 


AAAS, cut out and return the form below or send an 


1348 
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email to philanthropy@aaas.org. Additional 
details are also available online at 


www.aaas.org/1848Society. 


MV AAAS 


Zip code: Country: 


Phone: 


AAAS Office of Philanthropy and Strategic Partnerships * 1200 New York Avenue, NW + Washington, DC 20005 USA 


A career plan customized 
for you, by you. 


For your career in science, there's onlyone Science 


Features in myIDP include: 


= Exercises to help you examine your skills, interests, 
and values. 


= Alist of 20 scientific career paths with a prediction 
of which ones best fit your skills and interests. 


GD 


P Visit the website and start planning today! 


ny J myIDP.sciencecareers.org 
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CARVER COLLEGE 
OF MEDICINE 
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CHAIR, DEPARTMENT OF BIOCHEMISTRY AND MOLECULAR BIOLOGY 
THE UNIVERSITY OF IOWA 
ROY J. AND LUCILLE A. CARVER COLLEGE OF MEDICINE 


The Carver College of Medicine at the University of lowa seeks candidates 
for the position of Chair and Department Executive Officer, Department 
of Biochemistry and Molecular Biology. The successful candidate will be 
a nationally prominent academic leader with a strong record of achievement 
in research, education, and mentorship. The UI Department of Biochemistry 
and Molecular Biology has a distinguished research and teaching faculty, 
and a nationally recognized research program, with outstanding faculty who 
are national and international leaders in their respective research areas. The 
department encompasses a diverse set of research programs spanning mechanisms 
of DNA repair, Gene Expression, Protein Trafficking, Signal Transduction, and 
Molecular Dynamics, Metabolism and Cellular Organization. Strong core 
facilities for protein crystallography, NMR, and single-molecule biochemistry 
underpin the research of the department. The department supports the training 
of medical students, educators, and researchers through its long-standing PhD 


graduate program, and the department serves as a home for undergraduate majors 
in Biochemistry. 


The search committee will accept nominations and applications until the position 
is filled. Applications should include a current curriculum vitae and/or biosketch, 
as well as a cover letter outlining the candidate’s interest in the position, as well 
as the attributes and qualifications making them suitable for the role. Cover letters 
including statements on administration experience, teaching philosophy, faculty 
mentorship, and a commitment to diversity, equity, and inclusion are strongly 
encouraged. Confidential inquires regarding this position can be addressed to the 
search committee chair. 


To apply for this position, visit our website at: 
https://jobs.uiowa.edu/jobSearch/facultyDetailDisplay. 
php?requisitionNumber=74746&fromComm=Y 

(Requisition #074746) 


The University of Iowa is an equal opportunity/affirmative action employer. 


IAYAAAS 
All qualified applicants are encouraged to apply and will receive consideration 
for employment free from discrimination on the basis of race, creed, color, 
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service in the U.S. military, sexual orientation, gender identity, 
or associational preferences. 


IT’S NOT 
JUST A JOB. 


A CALLING. 


online @sciencecareers.org 
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Q Find your next job at ScienceCareers.org 


Whether you’re looking to get ahead, get into, or just plain get 
advice about careers in science, there’s no better or more trusted 
authority. Get the scoop, stay in the loop with Science Careers. 


Science Careers 
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